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SUMMARY

The objective of this research effort was to carry out experiments

to investigate a two-dimensional waveguide CO2 laser array. Under a

previous contract we demonstrated phase-locking of two parallel wave-

guide lasers separated by ZnSe plates. Stationary interference fringes

and increased far-field irradiances were observed.

In the work reported here, we fabricated and tested a 1x7 and a

x3 waveguide laser array emolovina )C excitation. We also examined

the exact mechanism of mode couplina, computed the relative oscillator

strengths for both one dimensional and two dimensional array-modes, and

-.analyzed the far-field irradiance distributions of these array-modes.

We obtained output oower of up to R watts oer channel , and

simultaneous lasing on 6 channels in the 1x7 array and 6 channels in

the 2x3 array. The single channel output power was smaller by a factor

of 10 below that achieved earlier with Al 203 walls and identical optics

due to increased distributed optical loss from the ZnSe walls. Also,

the segmented walls and high voltage DC excitation resulted in cross-

channel discharges and some plasma ocillations which reduced outputs

when more than one channel was excited. No phase-locking was observed

with either the 1x7 or 2x3 array for any of the twenty resonator

configurations employed. "Folded resonator" modes were found to

dominate certain resonator configurations. The results of the coupling

analysis indicated that very little radiation could leak between

adjdcent waveguides when using good optical quality ZnSe plates. The

two devices had been fabricated at this point and could not be modified

to increase couplinq without damaqing them.

- Two-dimensional array node relative oscillator strengths (E-field

distributions) were derived analytically for the first time. In

addition Fourier analysis of these array-modps indicated that almost an

lii



(nxm) 2 increase in the far-field peak irradiance distribution would be

achieved. For example, for a 2x7 array an increase of 177 in the

far-field irradiance peak, relative to a single laser, would be

achievable versus (2x7) 2 or 196 for a perfect summation.

Additional coupling between waveguides is needed in order to

attain phase-loking. An antireflection coating on each plate would

increase coupling without greatly changing the HE11 mode of an

individual waveguide. Also, beveling the ends of each ZnSe plate would

reflect leaked radiation into the adjacent waveguide increasing

coupling. Finally, transverse or longitudinal RF excitation is

rec)mmended to reduce cross -channel discharges and plasma

csc ill at ions.
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1.0 INTRODUCTION

waVquide C, las,,rs are technologically well developed and are a

wide.y Jsej source of conerent laser radiation. Applications have

included laser designators, master oscillators, local oscillators,

tunable IR spectroscopy, low-power cutting and heating of materials,

and riore recently as coherent laser radar sources.

A typical wavequide m2 laser consists of a bore or groove one or

two mil imeters in cross-sect ion in a ceramic or similar material . An

electrical discharge is run down or across the bore to excite the gain

iedium. The hore confines or "quides" the IR radiation, so the

recirjluatinq radiation does not obey the laws of free space orooaqa-

tion as in conventional lasers. Because the bore confines both the

qain nedi'rn and the laser radiation to the same region, very compact

and reasonably efficient devices are possible. A typical waveguide CO2

laser might be packaged into a 2" x 2" x 12" box having an output power

of 30-W multiline.

In section 2.0 a brief review of waveguide CO2 laser technology is

qiven. It is shown that gain saturation in single channel waveguide

C)] lasers limits output power to about 40 W single line, single mode.

3,nyond this point wavefront aberrations, higher order modes, and multi-

line lasing beqin to occur. More single mode coherent laser power may

be obtained fromn a phase-locked array of waveruides. Previous work,

rarripd out under Air Force contract F33615-82-C-2217, in which we

ittained ohase-lockinq of a 1x2 wavequide laser, is also reviewed in

i ortion ,.r an exact electric field distribution across a qas-

-I wd wiv-,qji de ho n led by Zne wal is calculated. The strenqth of

thn loiei radi at ion is also calcul ated. We show that "trappinq" of

,,o raliatinn svore 1 y reduces the inount of energy qettinq into

inl ia'-nt. wavquido.

411
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In order to determine what electric field distribution should

occur in a phased-locked array, the relative oscillator strengths of

one dimensional and two dimensional array-modes or "supermodes" are

derived in Section 4.0. In Section 5.0 the far-field energy distribu-

tions of these various laser arrays are computed. The results demon-

strate that somewhat less than an (mxn)2 increase in the peak of the

far-field laser irradiance distribution results for rectangular arrays.

There is still a considerable increase in the far-field "photons in the

bucket" over a single waveguide laser.

In Section 6.0 the experimental results are presented. While the

1x2 array demonstrated phase-locking, neither the outputs of the 1x7

array nor the 2x3 array demonstrated phase-locking. The main difficul-

ties suspected are the mentioned laser light trapping by the optical

quality ZnSe windows and plasma oscillation and discharges between

adjacent waveguides causing very low output powers. The low cavity

flux levels also reduced interwaveguide coupling.

Conclusions and recommendations are given in Section 7.0. We

recommend that transverse RF excitation be used to reduce both plasma

oscillations and interwaveguide discharges through cracks and gaps.

Thicker and longer ZnSe windows would also reduce these waveguide gaps.

Also beveling of the ZnSe plate ends and antireflection coating them

should improve coupling.

.,,
-"
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2.0 WAVEGUIDE CO2 LASER TECHNOLOGY STATUS

A brief review of waveguide ldser technology is presented here for

reference purposes.

2.1 Waveguide Laser Modes and Attenuation Coefficients

Marcatili and Schmeltzerl were among the first to analyze the

propagation of electro-magnetic waves in hollow dielectric waveguides.

They showed that for the circular wavequide case the electric and

maqnetic fields were functions of Bessel functions and the modes could

be circular electric, circular maqnetic, or hybrid with all components

# present. In qeneral, the lowest-loss mode is the hybrid mode HE

HE I = (2.4r/a) cos o

where a is the waveguide bore radius.

The HEmn loss coefficient1 is qiven by

u nm 2 82 Re /2(n2+ 1) (2)

cnm a n - 112

where
r-', , ' th

u =m root of Jnmn-

u 2.405

n n' - ik complex refractive index of wavequide material

The loss coefficient is seen to be proportional to X2 and inversely

proportional to a3. The bore radius cannot he made arbitrarily large,

however, as this would allow hiqher-order transverse node operation and

not confir and control the discharqe.

3
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The loss coefficients of the HEll mode for various materials are

= 4.3 x 1O- 5cm-1 for BeO (ref. 2)

= 1.8 x 1O- 3cm - 1 for SiO 2 (ref. 2)

= 1.6 x 10-2cm-1 for ZnSe

for a = O.5mm radius at x = 1O.60n.

Also, Abrams2- 3 showed that the Gaussian TEM0 0 mode which most

closely matches the EH1 1 mode is that with a l/e2 intensity beam radius

of

w = 0.6435a (3)
90

The rectanqular case was analyzed by Krammer4 and Laakman and

Steier 5 . Only hybrid modes, HEnm, are supported havinq the form

H =-E c s(Pl.x/?a) cos(qTy/2b)
x y /7 M 1 sin(P 2'Tx/2a)l I sin(q2iry/2b)l

V 1 f1M/2jka -pl sin(plIrx/2a) cos(q 1iy/2b) (4)
z P2 cos(P 2 rx/2a)l Isin(q 2 Ty/2b)l 0

E "Mco s(P X/2a), -q, sin(ql iy/2b)
z --M /2jkb isin(p2lTx/2a)J t q2 cos(q 27[y/2b)l 0

,CFO

'..

pl, q, odd

or

P2 !2 even

for the HE modes with similar equations for the HFri modes. The

nm nin
wavequide is ?a x ?b in dimension, M is a constant, and the mode propa-

qates in the z direction.

.4
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The attenuation coefficient is

2 1 2:0 (pf)2 Re{ I + (qw)2 Re{ (5)
pq 4k2 a3  3 -4k b 3- 1 (5)

and for the HE,, (p=1 and q=1) mode with a = b

a 1 ,2  Re{n 2 + } (5a)
16a Vn2 -1

= 1.74 x 10-3 cm-1 for ZnSe (a = 0.5ram)

= 1.6 x 10-4cm- 1 for SiO 2  (a = 0.5mm) (ref. 5)

= 3.0 x 10-5cm-i1 for ReO (a 0 O.5mm) (ref. 5)

1.8 x 10-4cm- 1 for Al203 (a - O.5mm) (ref. 5)

Also Laakman and Steier5 and Henderson6  showed that the matching

TEMoo beam waist is

= 0.70a (6)

2.2 Waveguide Input/Output Coupling Losses

Degnan and Hall 7 showed that there are three mirror (or lens)

locations for maximum mode coupling (minimum loss) of the reflected

radiation back into the waveguide:

1. A flat mirror at the end of the waveguide

2. A distant mirror with radius of curvature equal to the

distance from the waveguide aperture

2

3. A mirror at the Rayleigh range, - 'with a curvature of

twice this distance

5



For the wavequide configurations of interest , case I is the important

condition. Hill and Hall 8 showed that as the flat mirror is sliqhtly

moved away from the wavequide aperture, the couplinq losses for square

quides are approximately qiven by

2
loss 1310 (= )  (7)

= 0.4% at z = 1 mm

= 1.5% at z = 2 mm

- 3.4% at z = 3 mm

for a = 1 mm where z is the aperture to mirror distance. For circular

guides the losses are given by

loss = 3686 (z'--) 2

2 2rr a(8)

2.3 Riqrod Output Power Analysis

It is now possible to perform a first order analysis of the wave

quide laser output Dower for various small signal qains and output

counlinqs. Riqrod9 and Caspersonib have shown that the output power

from a honoqeneously broadened laser is approximately qiven by

I s  2g 1

out :7- At [r-T - 1] (9)

where
4,000W/cm2 (100 torr) (ref. 2)

S = (0o2saturation intensity
15,000W/cm 2 (200 torr) (ref. 2)

A = 2a nv x 2a irn area x 1T/4 (- mode area)

t = transmission of output coupler

qo = small signal gain 2%/cm as a function of pressure

6
@4

. * i 41 .*



1 = discharqe lenqth

L = round trip losses other than output transmission

2 x (waveguide loss) + (reflector loss) + 2 x (coupling loss)

Note that the optimun output coupling determined by differen-

tiating eq. (8) is given by

topt = (2g0lL)
1 /2 - L (I0)

once go and round trip loss, I-, are known.

In practice equation (8) reduces to

n.4 to 0.8 W/(cm lenqth) RF excitation

0.25 to 0.5 W/(cm lenqth) DC excitation

for well-desiqned wavequide CO, lasers. With transverse RF excitation

it is easier to maintain optimum E/p (Volts/cm)/Torr for maximum q0

over the entire lenqth of the wavequide; hence hiqher output power per

unit length is achievable.

As the discharqe tube length is made longer in order to obtain more

power, the gain of the laser gas mixture begins to saturate as

characterized by the saturation parameter of equation 9. As the outpit

power approaches typically 40W, the laser becomes nultimode and

multiline because of lower saturation of the higher orde, transverse

modes and the other lasing transitions. These effects are documented

in reference 11 for example. In addition to nultilnode and nultiline

effects, saturation of the media can cause larqe wavw-front aberrations

seriously degradinq the far field irradiance distribution and

focusabil itv.

.A
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2.4 Arrays of Waveguide Lasers

The potential for increased laser powers using parallel arrays of

lase,, was realized in 1970 by Ripper and Paoli 1 2 as applied to

semiconductor laser diodes. It has only been in the last few years,

that reasonably successful phase-locking of these semiconductor laser

arrays has been achieved1 3-15 .

With respect to waveguide CO2 lasers, WJSA demonstrated under Air

Force contract F33615-82-C-2217 that it is possible to phase-lock

adjacent waveguide CO2 lasers by separating thin with a transparent (at
10.6 Pm) material. The proof-of-principle device is shown in Figure 1.

A typical noncoherent summation, when the two lasers were operating on

different CO2. molecular transitions, is shown in Figure 2. The laser

modes were partially focussed to show the near Gaussian far-field

patterns. When the two waveguides lased on to the same transition,

stationary interference fringes were observed. These interference

fringes were immune to mechanical shock and vibration and immune to

extreme variations of discharge current in either waveguide such that
lasing would have ceased ordinarily. Phase-locking was thus

lemonstrated. Polarization of the laser modes was found to be parallel

to the ZnSe plate surfaces due to the minimum propagation loss as shown

by equation (5). This is the only demonstration of waveguide CO2 laser
phase-locking published to date.
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Typical noncoherent summation, partially focussed for clarity.
Horizontal scale corresponds to horizontal direction in Fig. 1.

FIGURE 2. TYPICAL NONCOHERENT SUMMATION OF LASER OUTPUTS 2 9

Coherent summation of two waveguide lasers unfocussed at 35 cm
from the output aperture. Horizontal scale corresponds to
horizontal direction in Fig. 1.

FIGURE 3. COHERENT SUMMATION OF LASER OUTPUTS
2 9
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3.0 ELECTRIC FIELD DISTRIBUTION FOR WAVEGUIDES SEPARATED BY

ZnSe WINDOWS

We now present a derivation of the electric field distribution for

waveguides separated by ZnSe or other transparent dielectric plates.

The analysis is typical of mode propagation literature in that there

are many variables but the mathematics are reasonably straightforward.

1 Figure 4 is a drawing of a single waveguide channel bounded by two ZnSe

(or other transparent dielectric) plates. Following the analytical

procedures of Yariv, "Introduction to Optical Electronics", 2nd Ed.,

Chapter 13, the E-field distribution across a waveguide and the ZnSe

* * window on each side may be written as shown in Figure 4:

Region 1. (ZnSe, n = 2.4)

A exp [i(k x + k z-wt)] (11)xi z

Region 2. (He, N2 C02 , no = 1)

[B cos (k x) + C sin (k x)] exp [i(k z-Wt)] (12)
x2  x2

Region 3. (ZnSe, n = 2.4)

D exp [i(-k x + k z-Wt)] (13)x z
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AA

z L 4-x
El I Cl Li

n, E2 p n 2  n

(a)

REGI>J 3 REGION 2 REGION 1
C 2I E2 0  E;I

D exp [i(-k x + [B cos (k x) A exp [i(k x
xl, x2

+ k zz-Wt)] + C sin (k 2X)] + k zz-Wt)]

x exp [i(kzzZ-Wt)]

A

0 t

(b)

FIGURE 4. E-FIELD FUNCTIONS

(Note coordinate difference between (a) and (b)
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for a "slab" waveguide analysis. Here

k = transverse phase constant, medium 1.

k. = transverse phase constant, medium 2.
X2
kz  = longitudinal o - axial propagation constant.

2 = k2 + k2  = n2 k2 propagation constant for medium i.
1 z xi 1 0

n2. = / / refractive index for medium i.
1 1 0

Substituting into Maxwell's equation:

V2 t(+) + k2n2(T)[( ) = 0 (14)

which for the TE case (polarized in the y direction) becomes

32

(-k + 3x) E + k? Ey Z 0 (15)
-:3 y y

-and we have three equations (two of which are redundant in this case):

k k2 )k2 (16)
xi 2 2  Z

k2  kj - k2

x2  z (17)

k2  kj (_..) k2  (1R)
x E2 Z

From the continuity of E yand 3 Eax at x=O and x=t there are four

equations:

A exp (ik t) - cos (k t) - C sin (k t) = 0 (19)

k x1A exp (ik xt) iBkX2 sin (k x2t) + iCkX2 cos (k x2t) = 0 (20)

S(~S 13

' B - 0 .. *%21.)
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ikX2C - kxID = 0 (22)

In order to have a non-trivial solution for A, B C and D the

determinant of the matrix of coefficients from the left side of

0 equations (19) to (22) must equal zero. This requires that

2k k
xlx 2

tan (k X2t) = -i (23)
kx1 +kx2

Also, because we are looking for symmetric HE mode-like E-field

solutions, the regions 1 and 3 are symmetric and D=A.

Using equation (16) and the fact that k- k2 >> k and C /C2
Z 2

(9.4) 2- for ZnSe,

k" x1  k22 (24)

27/(x 0 /(2.42-1)1/2) (25)

?-/(10.6 0rl/.1S) (26)

= 2v/4.26 pm (27)

Thus the transverse spatial variation in the ZnSe has a periodicity of

2-\ o " or 4.96 pm. Since the imaqinary part of f:j is very small, the

imaginary part of k 1s zero and there is almost no. attenuation.

From equation (23)

.%' .-.'., 1-
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k t = tan 1 2k + niT (28)
X2 k2 + k2|

X2 x I

I I- X2 
(

(k >> k ) tan i --- + nr (29)

S 2k
X2

ki ( II- - ) 112 + n r (30)

therefore kt = (3)

2i4
n- - (31)

kkt(Cl/62-1)i/2 k2 t2(ti/2
- ) (

n2 2

Therefore Re {kx2 nr 4, k2 t33)-I

t (1 6.0 x 2I (34)

for t = 2 mm, k = 2n/10.6 pm, and 61/62 = (2.4)2, and
2

-2n .m (35)
Im { k } - 12 0.56 m
Sx 2  k2t (i/F2-1

Before using equations (24) and (33) to find the transverse

E-field distribution, it is useful to find k , the imaginary part of

which gives the propagation loss. (This is the parameter of interest

in most waveguide papers.)
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k2  = k2  - k2  (36)
Z 2 X2

S r 2

k2 n2 IT2  4 2i (37)
Sk t2  kt 2 (cl/6 2-1) k2t(Ci/E 2 -1)

k j (1 _ n2 1T2  + 4n2 2 1"ik +i1/2 (38)

N" kj t2  k2t
3 (e1 / 2 -1)

Using an identity for the square root of a complex number and keeping

higher order terms,

n22 . 2 n2i 2

k k2 (1- nIl ) + i 2/z (39)z2k2 tZ  k2 t3 (EI/F-2 -1 /2

Therefore the intensity attenuation coefficient is

x2
4 n21F2  0

A aTE 2 Im ( k~ 2 =40TE = 22m{k } = izk t3 (/2-1) t3(E: /C2_l) / z  (40)

_3 _i

6.4 x 10 m (ZnSe walls)

-1/2reainhpfrT
and the well known l/t3 and 1/(n2 re-1) relationship for TE

polarization is seen1 as in equation 5a.

To obtain the analytic functions for the transverse E-field, we

move the coordinate system to the center of the waveguide and use the

cosine term for Region 2 which is slightly different from a first-

order HE11cosine distributrion (See equation 4):

E -- cos [(,F/t)(1 - 4 )x 0 < x< t/2 (41)
Yk~t2(LJ/C2-l) I

16

P- - WZ.:~ ';~~



as shown in Figure 4. At x = t/2 this has a value ofim -7

2Ti/kft 2 (C 1/E2 -1) - 9.4 x 10 . Thus we would expect a form of

E =-A sin 2(ej/e2-1) (x-t/2) - (42)y d

in Region 1. Equating equations (31) and (32) and their derivatives at

x = t/2, the amplitude and phase delay in Region 1 are given by:

A$2 (43)

' = 1.21 x i0-

and

%4 2
sin (45)., ~k2 t(C I/C2-1 ) /

o0
"- (46)

S.0440 (47)

The waveforms are shown in Fiqure 5.

It can De seen that the transverse E-field in the interwaveguide

ZnSe window is an undamped sine wave of greatly reduced amplitude

having a periodicity of 4.86 pm. Across a 1-mm ZnSe plate there would

be about 206 oscillations. An interwaveguide wind,)w thickness of a

half-integer multiple of X0/(FI/C 2 - 1)1/2 or 4.86 wim would be desired

so as to keep the adjacent HE modes in phase with their respective

leaked radiation fields (mutual phase-locking):

E17
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thickness - (N+1/2) E I e/E 2-1)

= (N+1/2) 4.86 pm (ZnSe)

= 1.0036 n for example

This would lead to the formation of the lowest order array-mode,
described in Section 4, and result in a single lobe far-field pattern

as analyzed in Section 5.

3.1 Refraction Angles of Waveguide Modes and Leaked Radiation

A A

Having found the x and z propagation constants inside the

waveguide given by equations 31 (k x) and 39 (k z) and the x and z

propagation constants in the ZnSe given by equations 24 (k ) and 39

(k z), it is possible now to calculate the refraction angles of the

modes in the ZnSe walls. The treatment follows that for semiconductor

guided laser modes 16-19 .

Inside the waveguide from equation 7 we have

2 2 2

kz + k = k (48)k2 2

The angle between the z axis and 2 is then

sin 02 = k k k (49)

2 Z 2 (9

Multiply the numerator and denominator by (X 0 /2v), and we have

sin 02 = n2  - neq n2  (50)

where n2 is the relative refractive index of the gas (41.0) and n is
2 eq

defined by the literature as

19



neq k z (X0/2r) (51)

From equation (39)

2 2
2" 2 4n2 .2

n2  0 k2  I + i9

eq k1 2 k2t (E 1 / 2  1)
2 (52)

• 0

qn2  8t
".eq8t (53)

and equation (50) becomes (n2  1.0)

m /8 t(54)

= + 1.87 mr (t = 2 mm) (55)

+ 3.75 mr (t = 1 mm) (56)

Thus, inside the waveguide the field is represented by two plane waves

propagating at angles ±02 w.r.t. z down the waveguide 20 . This is shown

greatly exaggerated in Figure 6.

Similarly inside the ZnSe walls

k 2 + k2  =k 2i z  xi  1 (57)

.d"- z x/

sin 0 1k k k (58)

-T /11 (59)
- n1 - neq

2 1/2 I
(2.42 (i - o /8t2 )) /2.4 (60)

20



01 = 65.38* t=2 mm, 1 mm (61)

(This can also be calculated using Snell's law on equation 54.)

These wavefronts are also shown in Figure 6. In this figure two

waveguides are shown, and the ZnSe thickness is exactly a half-integerI(.I1 l 1/2
multiple of x 0 /(E/E 2-1) so that the two laser channels are in
perfect phase as in an ideal 1x2 array. In addition to the waves

traveling to the right there will be waves traveling to the left 180 °

out-of-phase due to the laser Fabry Perot resonance condition.

3.2 Power Flow into the ZnSe Walls

O/ To calculate the percentage of power flowing into each ZnSe wall,

it is necessary to compute the power flow in the x direction, S per

unit waveguide length and the power that is being carried in the z

direction, t(S ). Here, Sxand S are the components of the Poyntingzx z
vector. The power outflow into the ZnSe is

.x12 k x t AI 2

.S x = 1/2 Ey H 'z 
=  (62)

where w is the magnetic permeability and w is the E-field oscillation

frequency. The power beinq carried by the waveguide along the

wavequide axis is

k
S z = H IC(=1)1 2  (63)

Forming the ratio of S to tS and substituting from equations 14, 43,.. ,x z'

Sarid 39

S ~kz (EI/El-)x ( 0
z 2  4t2( I/:2 -1) (64)

mq
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0

4t3 (C/E2-1) 112 (65)

= 1.6 x 10- 3 m-1 per wall (2 mm) (66)

= 1.3 x 10-2 m-1 per wall (1 mm) (66a)

Multiplying by 2 for the other ZnSe wall loss (or equivalently the

+02, 9-) waves each have one-half the power), and we see that equation

65 is identical to the imaginary part of kz as given by equation 29 for

an HE11 mode

2S

StS Im (kz 112 TE (67)

which is a good check on the analysis. We have two identical numbers

for the energy lost into a ZnSe wall.

" 3.3 Coupling of the Leaked Radiation into the Adjacent Channel

Next it is necessary to calculate the energy getting into an

adjacent waveguide. The leaked radiation propagates through the ZnSe

materidl as shown in Figure 6 aru reflects off of the ZnSe adjacent

waveguide interface. The Fresnel reflection coefficient for TE

polarization is gien by

F cos o. - n -sin '  o.
r : 1 1 (68)

E. cos o.+ /nl-sin20.
1 1 1

where n 1/2.4 for internal reflection where o. is the angle of

incidence at the ZnSe to gas interface. From equations 5q and 60.

23
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s 2 z 2sin 2  01 = (n1  -ne )/n1  69
1 eq (69)

. ..'COS 2  0  o =  i s n O.s2,=1 -sin 1 (70)

Therefore

1_ , (1 -
2/8t2 ) (71)

2.4

The quantity n2 - sin 2 0. from equation 68 becomes

/ n2 - sin z 0 = , / /0(..4)t
1 0 (72)

and equation 68 becomes

Er Cos 0. - )//8(2.4)t

Ei cos 0. + X/ V-7 (2.4)t,. <7 (73)

cos 0. (1 x /cos 0. I-nt)
1 1

Cos 0. (1 + x /Cos 1WT- nt)1 0 i (74)

1 - (2x o/cos 0 8-- nt) (75)

where n is redefined dS 2.4. Transmission into the adjacent waveguide

is thus

T = 2 x /cos 0 /8 nt (76)TE 0 0

Since

A
2

C OS
2 o 1 - sin 2 02 = 1/2.42 +

8ty (2.4)' (7

24
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I - 1/2.42 (78)

Cos 0i  (I - 1/2.42)1/2 (79)

for all waveguide thicknesses, and we have

TTE 2x /(n2-1)l/ 2 /-t (80)

3.4 X 10-3 t = 1 mm

1.7 t = 2 mm (81)

Thus about 99.8% of the light is reflected off of the second ZnSe to

*gas interface for a single reflection.

To determine the effects of multiple internal reflections, we form

an infinite series summation of the E-field transmissions after making

round trip bounces through the ZnSe plate. This series reduces to

e- a x e-i5
T eTTE

1 + e-2 x e- i2 6 (1-TTE )2 (TTE) (82)

where
6 =  --n d cos ( n/2 - o)

d = 1 mm (plate thickness)

- 0.001/2 cm-1 (absorption coefficient)

x = d/cos (n/2 - 0I)

The refractive index of ZnSe has been approximated as completely real,

and a small absorption coefficient has been included corresponding to

its very small imaginary part.

25
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The transmitted intensity coefficient is given by

n T2  -2ax
nT0 TEe

( Tn T'T'* G +z -2ax e_4a x  )4
0 1 + ) TTE e cos 26 + (1-TTE) TTE

(83)
2 -2axT TE e 2 (mx 4

22
TzE 1.01 T'TE (max) (84)

1-2(1-TTE) TTE

2 -2a xTTE e 2

1 +T 0.94 TTE (min) (85)
1 + 2 (1-TTE TTE

corresponding to maximum constructive and destructive interference.

Assuming that the transmitted wavefronts are all in phase for the

correct plate thickness as in Figure 6, the multiple-bounce E-field

transmission coefficient is:

1/2 TTE

[1-2(1-TTE) TTE ] (86)

TTE (87)

Similarly it is possible to calculate the energy transmitted back

into the first waveguide from the ZnSe plate. This is somewhat

different from a reflection coefficient because the light is leaked

into the ZnSe and some escapes back into the original channel.

Forming an infinite sum of these rays:

e-2i6 2ax(l-TTE) TE e(88)

1 - (1-TTE) TTEe e

For intensity:
e.e 2 6 (1-TTE)2  e 4 ax

n R'R' 6x
,1 2(-T)TE cos(26) TTEe (89)

26



2 2e-4axTTE (1-TTE) e (max)

I - 2 (I-TTE) TTEe - 2 a x

. (90)
%",' nRR",' 0

2 2 4 ax* • TIE (1-TTE) e
TE2 -2ax (min) (91)
1 + 2 (1-TTE) TTE e

2
1.01 TTE 2

* 2
nRR = 

TTE (92)

> 0.99 TTE
mTE

for the constructive and destructive interference cases. The amplitude

coefficient is

(R'R'*) = TIE (93)

The energy trapped inside the ZnSe plate once it has leaked in is thus

Trapped Energy = 1 - (n T )T'*) (n R'R'()

4- = 0.99998

The coupling coefficient, K, from one waveguide to an adjacent

waveguide is then equation 65 multiplied by equation 86 where TIE is
given by equation 80:

0

TE 2 vT (n -1) t (95)

= 4.69 x 10- 5 M- 1  (t=1 mm)

= 2.92 x 10-6 m-1  (t=2 mm) (96)

27



T . - -, V- I VFW -qP W -- ip.,,

Almost all of this coupled energy is retained in the adjacent waveguide

because of the (ii/2-Xo/,V--t) angle of refraction (almost along the z

axis).

3.4 Coupling Coefficient for TM Polarization

For TM polarization the Fresnel equation becomes (n = 1/2.4)

Er -n2 cos . +  V n-sin o .
1 1

Ein2 COS + V n2 - sin 0. (97)

' thus usinq equations 72, 79, and 80 (again leaving n as 2.4)

TM ?nxo/ (n 2 -1) 1 / 2  /- t

(98)

n2 T 2.0 x 10-2 (t = 1 mm) (99)

TE J9.8 x 10- 3  (t = 2 mm)

To calculate the coupling coefficient for the TM polarization we note

that from equation 5a the loss coefficient for TM polarization is n2 as

high as for the TE polarization. (This is why the TE polarization

d)minates. Note also in equations 5 and 5a that a = t/2.) From

equation 95 the TM coupling coefficient is written

n'+ X 3

0

TM 2 / -- (n 2 -1) t4 (100)

= 1.6 x i0 -  m- 1 (t = I mm)

r 9.7 x 10 - 5 m- (t = 2 mm) (101)

In(p tre T ,no ( dominates waveguide which is walled on

snt s e( with ,n., the coupl i ng coefficient of equation 95 shows
is that very little radi t. inn reaches an adjacent waveguide. Indeed,

l S" A .,



99.998% of the leaked radiation is trapped inside the ZnSe walls as

shown by equation 95 if these walls are of perfect optical quality.

Consequently, the likelihood of phase locking adjacent channels is very

small. It is believed that the poor optical quality of the ZnSe

windows of the 1x2 device shown in Figure 1 caused scattering off the

clearly visible crystaline boundaries (grains) to send radiation into

the adjacent waveguide. This small amount was enough to phase-lock the

two waveguides. Antireflection coating or beveling the ends of the

plates may be a better method of increasing the coupling. This will be

cscussed further in Section 7.0, Conclusions and Recommendations.
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4.0 CALCULTION OF ARRAY-MODE (SUPERMODE)

RELATIVE OSCILLATOR STRENGTHS

4.'
When phase-locked arrays of semiconductor lasers were experimen-

tally tested, it was found 13- 14 that the far-field patterns did not

agree with a multiple slit interference pattern analysis. The explana-

tion for the observed far-field patterns and a narrow spectral width

led to the development of "super" mode or "array" mode theory. In this

theory the eigenmodes or "natural modes" of the whole laser array are

calculated.

- In the coupled-mode analysis of linear phase locked laser arrays

recently developed by Butler 21 and by Kapon 22, the electric field of

• each isolated channel is

E (xv,z) = ,(x,y) exp (ikzZ) z = 1, 2, . . N (102)

where kzZ is the complex propagation constant in the Zth channel, The

total electric field of the array is thus

N
E y(x,y,z) : . (x,y) A (z) exp(ik zZ)

y:I (103)

where AY(z) is due to the interaction among waveguides. The electric

field is given in the y polarization as shown in Figure 4 because the

TE polarization has the lower waveguide propagation loss and was found

to be the preferred lasing polarization in the previous 2 x 1 array

device. (Semiconductor laser arrays are of "slab" geometry and

generally operate in modes polarized in the x direction of Figure 4.)

The coupling between adjacent waveguides (nearest neighbor

approximation) is expressed by the "coupled-mode" equation2 3

3()



d Eda- = A E + i E i K E
z z z 9. L ,+IEZ+I X -I Z-i (104)

Here, the transverse dependence, (x,y), has been integrated out, and

the coupling coefficient, Kij is a function of the transverse E-field

overlap. Substituting equation 103 for the total E-field into equation

104 and assuminq symmetric coupling Kij = K and Zzz z for sinqle

mode operation, we have

FAII Fz K 0 .... O II

A2  K Vz K ..... 0 A2
d : i (105)

Kz
AN 0 ... ....... 0 K AN

N z

Ai = E.(z) exp(ikz) (106)

Note the asymmetry of the first and last equations due to the waveguide

array qeometry. Equation 105 may be written

rz (107)

where X is a complex tridiaqonal matrix.

Butler21 and Kapon 22 next solved for the eiqenvectors and

eigenvalues of the A matrix:

, (A"- Vq fl ,V = 0 lq

z

where v representrs the eiqonnodo or "array-node" mnon nijfrlhPr, And

+ 2, Cos ( 1-V(-1

ill 31
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and the eigenvectors have the components

() = sin (z ) = 1,2.. .N
-N+1 (10)

where v 1,2..., N (array-mode number) for a 1 x N linear array.

The E-field distributions for 1x2 through 1x7 arrays are listed in

Table I along with each array-mode propagation constant. The com-

ponents of each array-mode are the relative E-field strengths of the

individual waveguides. It is noted that the v=1 or fundamental array-

mode has the highest oscillator frequency, and the highest order mode,I',

,=N, has the lowest operating frequency. For a symmetric array of
'p.

lasers, the individual oscillators would either be in phase or 180 ° out

of phase with its nearest neighbor. Consequently, only lowest order or

highest order array-modes would operate. Plots of these array-modes

will be presented in Section 5.

It should be noted that the coupled-mode equation (105) is a

simple model. Recently Hadley2 4 has included gain medium saturation

effects into the analysis. Liang and Chu 2 5 have included spatial hole

burninq, and Hardy and Streifer2 6 have rederived the theory. All

published analyses concern semiconductor laser arrays.

4.1 Two-Dimensional Array-Mode Oscillator Strengths

We next extend the linear array coupled-mode theory to two dimen-

sions. For a two-dimensional array the individual oscillator ampli-

tudes may be written Aij where i is the column number and j is the row

nuimber of the oscillator. By forming a "long" vector from the Aij is,

the c-o ,pled-mode equation (105) can be written for a 3x3 array for

o) p)
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TABLE I. ARRAY-MODES FOR 1 x 2 THROUGH 1 x 7 ARRAYS

(8 = kz ) (k = K)

N- 2

E = (0.866, 0.866) B + K

4-2 2
E = (0.866, -0.866) = - K

N-3

E = (0.707, 1, 0.707) a = 8 + 1.414 K

P = (1, o, -1) a2 = B

3 . (0.707, -1, 0.707) a3 3 B - 1.414 K

N-4

E . (0.588, 0.951, 0.951, 0.588) 8 S 8 + 1.618 K

. (0.951, 0.588, -0.588, -0.951) B2 8 8 + 0.618 K

E = (0.951, -0.588, -0.588, 0.951) 8 - 8 - 0.618 K

E4 = (0.588, -0.951, 0.951, -0.588) 8 4 B - 1.618 K

N-5

-1 . (0.5, 0.866, 1, 0.866, 0.5) 1  =  8 + 1.732 K

-2 = (0.866, 0.866, 0, -0.866, -0.866) B2 . 8 + K

3 = (1, o, _1, o, ) B3  a

- (0.866, -0.866, 0, 0.866, -0.866) 8 - 8 - K

5= (0.5, -0.866, 1, -0.866, 0.5) s5 - 8 - 1.732 K
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TABLE I (CONTINUED)

N-6

E = (0.434, 0.782, 0.975, 0975, 0782, 0.434) a + 1.802 K

E - (0.782, 0.975, 0.434, -0.434, -0975, -0.782) 82 8 + 1.247 K

3 _ (0.975, 0.434, -0.782, -0.782, 0.434, 0.975) a 3 + 0.445 K

E4 - (0.975, -0.434, -0.782, 0.782, 0.434, -0.975) 8 a 8 - 0.445 K

- (0.782, -0.975, 0.434, 0.434, -0.975, 0.782) B= - 0.1247 K

(0.434, -0.782, 0.975, -O.q75, 0.782, -0.434) 8 8 - 1.902 K

N=7

E - (0.383, 0.707, 0.924, 1, 0.924, 0.707, 0.383) 8 0 1 + 1.848 K

E, (0.707, 1, 0.707, 0, -0.707, -1, -0.707) 82 " + 1.414 K

.= (0.924, 0.707, -0.383, -1,-0.383, 0.707, 0.924) a 3 8 + 0.765 K

" ( 1 , , _ 1 , , 1 , , _ 1 ) 4 -

(0.924, -0.707, -0.383, 1, -0.383, -0.707, 0.924) a 8- 0.765K

-6 (0.707, -1, 0.707, 0, -0.707, 1, -0.707) 8 B - 1.414 K

.7 7
E 7 (0.383, -0.707, 0.924, -1, 0.924, -0.707, 0.383) 8 8 - 1.848 K
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I AA

A l l a K 0 Kl 0 0 o o o o A l l

12 K= ' 0 oK : 0 oo 0o 12

13 0C 0K Iooo 13

21 K 0 0 K 3 0 K 0 0 2
21 K 0 8 O K O 21,d_ 22 i 0 K o01 K 18 K 0 K 0o 2 (11i)

7jt 22 22

023 0 0K 10 [ 00K 23

31 0 0 0 K 0 0 a K 0 31

32 00 0 0 0 0 K 32

33 0 0 0I 0 0 K 0 K8 33

where a = kz. The A matrix now becomes (mxn) by (mxn) in size.

To find the eigenvectors and eigenvalues of the A matrix,

I "  { V I : o(112)

may be divided by < and a new variable

- (113)

defined for the diagonal elements. The rest of the matrix is then l's

or o's. Scientific subroutine programs can solve for the eigenvalues

and eigenvectors of this matrix of o's and l's. The computed

eigenvalues are then converted to the A matrix eigenvalues by equation

113. Some array-modes in rectangular coordinates are given in Table II

where symmetric nearest neighbor coupling of identical waveguide lasers

*. has again been assumed.
a.

Arrays having cylindrical symmetry may also he written in a

coupled mode formalism and solved for their array-modes.

J.a'.

I
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- ' -- = ,, K I - -" .

3. .3 .23 .3 5 3 5
-, 4 .)20 .353
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TABLEII. (CONTINUED)

___ 1 × 3 _, 3, 1 3, 2, 3

" = * 2.32 < 3 + 2 < 5I : + 2

.35 .35 .35 .35
35 .35 .71 .35 .35 .35

.35 .25 .35 .35 .35 .35
'" 2 = 6 .i 2 - 8 32 =8 + 1.414 .<. 7 .0 .9 -5

) .35 -.21 0 -.58 .31 -.31
-0 0 .0 .39 06

• .,r: = .-[ <S3 = 8 833 1
_____B_ + 1 .414 <

-. -.35 0 -.21 .50 .31 -.06
-. 35 0 .35 .79 0 -.58 .39 -.39

0 .35 .5 0 .06 -.31 -.50

-. 3 -.42 .11 .45 .21 -.45
.-*2 .23 .42 .29 -.21 -.21

1' .1 -.42 -.34 .29 0 .29 -.45 .21 .45
-.8735- 3 5

0 0 .58 .21 -.45 -. 21
0 -. 58 0 .45 .45
58 0 0 : 8 - 2 K: -.21 -.45 .21

_ =3 .35 6 = S - 1.414 <
.49 -.30 -.07 .35 -.71 .35 .12 -.43 .4Q

-.-0 3 .40 .35 .26 -.26,q7~J .30 -. 4g .4

.1 A .q-.49 .43 -. 12
S11-.414 <

.. Q -.30 -.07 -.49 .26 .12
'O 0 .40 .43 -. 3"" .30 -. 40 -.12 -. 26 .

.9- . -. = 3 - 2 <
- I ._.,) - -. .35 -.35

.30 35 .35
.A .40 -. 35 .35 -. 35

-''5 -: - 2.328

v ', -.35 .25
-. 34 .5 -. 35

.1 - , " 37

.,, '

@4.,3
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1-i"

Note that in cylindrically symmetric arrays each waveguide may have ds

many as six nearest neighbors instead of four or less for rectangular

.'.. arrays. A few cylindrical array-modes are shown in Table III.

-J

In addition care must be taken in controlling the polarizations of

the individual oscillators. If the polarizations are all radial or

aximuthal, for example, there will be a null in the center of the far-

field pattern, resulting in a doughnut-shapL irradiance.

%

"A
,.

3



TABLE III.

ARRAY-MODES: CYLINDRICAL COORDINATES (HONEYCOOMB STRUCTURE)

(RELATIVE OSCILLATOR AMPLITUDES)

2 = 3 " 2 < 31 = 3 * 2.935 < 31 : 3 + 3.236 <
.58 .47 .47 .30

.58 .58 .35 .56 .35 .49 .49

32 = 3 - < 82 = 8 + .618 <.30 .4 .30

-1.41 0 .0-.37 0.37 .6 2 = 3+ -. 6,8 <
.0 - .60 ..60 -.53

¢ .07 - .40
33 = 3 - < 83 = 3 - .463 < .65 .33 -. 12

- .71 -.51 -.51
-.71 0 .44 .31 .44 83 = 8 + .618 <- ' .45

64 = a - 1.473 K .42 -. 15
-. 14 -.14 .24 -.28 - .68

-. 43 .77 -. 43
1, 2 -- - 1.236 <

L= - 1.618 € -.49-. 60 .60 .30 .30

31 3 + 1.732 < .37 0 -. 37 -.49 .30 -.49
- .41

.71 B5 = 8 - 1.618 <
S.1, 2, I -.37 -.32

32 =3 -. 20 .69 -.23

.71
0 81 - 8 + 2.562 < 86 = 8 - 1.618 <

-.71 0 .56 .017
.44 .44 .59 -.61

".'3 .56 -.38 .028 .36

0 82=B
.41 -.82 0

.71 -.71
'= 3 - 1.732 < 0

33 <
-" .41
.,-.71 33~ 3 - _

.41 .7L

0 0
-.71

a 4 - 1.562 <
.44

-.56 -.56
.L4
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TABLE I1 . (CONTINUED)

. ' -3 , 3 2 , 1 , 2 1 , 2 , 1 , ?

- = 3 3.182 < 31 = 3 + 2.562 < 3* 3 3 <
.50 .29 .3 =3 .342

.O .29 .62 .34.34
.39 .39 .56

32 + 1.247 < .34 .34
- 32 .52 32 .34

3 2 .5 -.5
0 B2= 3 +<

S= - . <.5 -.5 .03
,,- 2 -. 2 -.23 -.4,9.

.23 .-42 .52 a 3  = - < 0
0 -.71 -.51 .49

: - .593 < -.03
.29 -.64 0 -.71

*fl3 = +

3= 3-K

= -. 71 0 .31.2
.57 -.40 -.11 0 0

-. -. 40 57 -.71 0 -. 27 -.31

3 :3 - -.422 < B5 = - 1.562 <
-.. 31 -.31 34 = -

- .2 .23 .79 .55
- -.31 -.31 -.43 -.12

n
-.12 -. 3

.55

35 = -

-18
-.38 .57

0
.57 -.38

36 = 3 -1.6-46
-.23

-.23 -. 23

.83
-. 23 -.23

-.23

37= 3 2

0 -
40 .*



5.0 ARRAY-MODE FAR-FIELD ENERGY DISTRIBUTION STUDIES

The far-field electrical-field distributions of the linear array-

modes of Section 4.0 are computed in this section. The purpose of this

study was to determine what the exact far-field patterns look like and

to see if there is really an (mxn)2 improvement in the peak of the

irradiance distribution relative to a single waveguide laser.

4., The far-field or Fraunhofer region electric field distribution can

,e calculated using Fourier transform numerical analysis. In the

notation of Gaskill 2 7 , the irradiance in the far-field for any arbi-

trary source u, (x,y) is

I*(x,y) = u2 (x,y) 12

)2 2

XZ12 1 X12 Xz12 1

where z12 is the on axis distance to the far-field location and U,
(a,6) is the Fourier transform of the source E-field distribution. The

intensity distribution is proportional to the magnitude squared,

Uj(a,6) U1 (a,a), of the Fourier transform of the source E-field dis-
tribution. The Fourier transforms were computed using a scientific

subroutine package employing the Sande-Turkey FFT algorithm. The input

array-mode electric-field amplitudes consisted of 1,024 data points of

amplitude information. That is, the wavefronts were assumed to be

in-phase or 180 °  out of phase (negative) across the emitting

apertures.

Figure 7 shows the calibration of the horizontal and vertical

far-field axes using the FFT of a single slit and a single HE11 mode.

The quantity plotted is (UU*)1/2 which is proportional to JEl. This

would be squared for intensity. From the far-field pattern of a slit

aperture, we know the spacing between the zeros is x/2a = 5.3 mr where

a is the waveguide half-width of 1 mm for these plots. Likewise the

Fourier transform of a waveguide HE11  mode, a sine function for

rectangular waveguides given by equation 4, can be calculated.

41
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1.0 Rectangle

isin 2 Tea)
• N e a r f i e l d 2 2 m mF a r f i e l d2 T o

* , L; I El

- ~ ' =-2 5.3 mr

1.0 HEll (sine) .0099153/ xz

==.. 1.00

-7/a cos (- a)

(2T + T)( 2 7

- i F* X/2a = 5.3 mr

FIGURE 7. HORIZONTAL AXIS CALIBRATION AND MAGNITUDE
CALIBRATION OF FFT ANALYSIS
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.r cos (ky) e iw dy (/a) Cos (wa)

-a w2 - (i/2a)2  (115)

,, where w ?I 2where W 21T sin 0 (1o16)

The first pole and zero cancel and the zero crossinqs are 90* out of

ohase with the slit far-field pattern. The zeros of the HF far-field

pattern are also separated by x/2a = 5.3 mr. We assign the peak of the

single HE11 far-field pattern a value of 1.00 as indicated. All other

FFT's are relative to this nunber.

Figure 3 is a plot of the far-field of the first (v=l) array-modes

for 1x? through 1x7 arrays. The peak of the pattern is normalized with

* respect to the peak of a single HE, mode as in Figure 7. A Ix7 array
thus has a peak E-field magnitude of 6.66 times that of a single wave-

guide [(6.66)2 in intensity].

Figure 9 shows the far-fields of the higher order array-modes, v=2

through v=7, for a 1x7 array, The v=7 array-mode (- phase shift

between adjacent wavequide modes) has the characteristics double lobe

pattern seen in semiconductor laser arrays. Surprisingly the peak is

5.56 times that of a single waveguide (vs. 6.66 for v=l mode) due to

the wids far-field HE1 envelope.

For an mxn two-dimensional array, the HFI, modes of rectangular

wavegqid-, s are separabhle in x and v:

u1  (x,v) = u '  (x) uI  (y (117)

at the array output aperture. Consequently, the far-field pattern is

the product of two Fourier transforms, one in the x-axis and one in the

y-axis. Thus, the far-field pattern of a ?x7 array would have a peak

magnitude of (2.00 x 6.66) 13.32 times that, of a single waveguide

I.
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laser or (2.00 x 6.66) 2 = 177 increase in irradiance (W/cm). The peak

in the far-field radiance is thus slightly less than (mxn)2 , 177 vs 196

for example. Similar analysis applies to other size rectangular

arrays.

The best-fit Gaussian or TEM mode to a single waveguide HE11

mode was also studied using Fourier analysis. This allows a

particularly simple analytical calibration of the far-field watts per

square centimeter for the various array-modes. The best fit Gaussian

has a beam waist (l/e2 intensity radius) of 0.70a, where a is the

waveguide half-width, as given by equation 6. The plots are scaled for

a =1mm.

The irradiance (W/cm2 ) for a single TEMo0 mode is given by

I (r) = exp (-2r 2/W2 ) (118)
i W2

where W2 (Z) W2  + L (l/e2 intensity radius) (119)

and z is the distance to the target and Ptot is the total power from

one waveguide. For large z, equation (110) reduces to

2g W 2  -2r2 W2

1(r) = Po0 t exp 0 0/2 (120)
x2 z t A2

where 0112 = tan -1 (r/z) = r/z. Thus we have a simple expression for

the W/cm2 of a single TEM mode for calibration of the FFT numerical

analysis of array-modes.
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Figure 10 shows the best fit TEM mode at the square wavequide00

output aperture. The FFT of this slightly truncated Gaussion is shown

on the right side of Figure 10. The percentage of light nassinq

through the 2a x ?a aperture is 9q.14%, thus the peak of the FFT is

qiven by equation 120 and is assiqned a value of 1.00 in this study.

The horizontal axis calibration was obtained from the FFT of a slit

aperture and sine aperture in Figure 7.

Figure 11 shows the far-field pattern of the fundamental (v=l)

supernode for 1 x 2 through I A 7 arrays normalized to that of a single

TEM 0 waveguide laser. A two by seven array would thus have (2.00 x

6.74)2 = 12 times the peak irradiance of a single waveguide laser.

The W/cin 2are easily calculated from equation 120. It is seen that the

peak irradiance due to TEM 0 0 interference is one percent higher

than the HEI, formed array-mode peak irradiance given in Figure 8.

Otherwise the TEM0 0 and HEll supermode patterns are nearly identical.

Two other FFT studies were made in this program. The far-field

pattern for a uniform array (no supermodes) of phase-locked wavequide

lasers each operating in an HE1 1 mode was analyzed. The results are

shown in Figure 12. These results are to he compared with the

far-field v=l suDermode of a I x 7 array of HEI, mode lasers shown in

Piqure 8. It can be seen that the peak irradiance is 4% hiqher with a

uniform array due to the narrower central lobe.

The last FFT study involved moving the individual wavequides from

lImn apart to 0.5mm apart - - the ZnSe windows would be one-half as

thick. The results are shown in Figure 13. The two secondary Maxima

are moved further from the central maximum and consequently reduced in

amplitude. The peak amplitude is the same, however. The ideal

sunermode would have zero spacing between the waveguides for m~nimiii

secondary maxima amplitude.
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FIGURE 11. CONTINUED

52



1.0 6.94

Nearfield Farfield
7 HE11

I

..... 4- 5.3 mr
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53



7 HE (0.5 mm Window)

1.32 1 E I
N6.66

Nearfield Farfield
7 HE 1 , E

(0.5 mm

-'- "'5.3 mr

.J..

'-
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HEll WAVEGUIDE LASERS SEPARATED BY 0.5 mm
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6.0 EXPERIMENTAL RESULTS

4xperimental work began in late July, 1q84. The results are

presented here in nearly chronoloqical order.

Four "machinable" ceramics were ordered for machinability testing

so that an optimum ceramic could be selected for in-house machining.

Samples of Zircar fibrous A1203, Macor glass/ceramic, boron-nitride,

and Aremcolox 502-1100 were subsequently received and tested. Boron-

nitride demonstrated the best machinability of the group. It also

demonstrated good bonding with both copper tubing and other boron-
4. nitride surfaces, using either Torr-seal or Ecobond 286 epoxies.

Roron-nitride also has good thermal conductivity--about three times
that of Al 203 and equal to that of BeO. A thermal conductivity chart

from the Carborundum Corp. is shown in Fiqure 14.

A sinqle-channel wavequide, 2 mm x 2 mm x 20 cm, was cut into a

d boron-nitride plate for discharge and vacuum testinq. Three 2-mm-

diameter holes were drilled for qas inlet and outlet ports, and a

central anode with one cathode at each end was formed from quarter-inch

-diameter copper tubing surrounding the gas ports. The test channel is

shown in Figure 15.

The voltage and current characteristics of a 3:1:1::He:N2:CO gas
2~ 2qs

.mixture were measured at pressures of 50, 90, 180, and 300 Torr. There

were actually two discharges (a "split" discharge with a common central

anode) and the discharge length was 10.5 cm, including the distances

from the channel to the copper electrodes. The channel was covered

with Pyrex slides and Eccobond 286 epoxy.

Figure 16 shows the raw current vs voltage data. It is evident

that the discharge was operating in the negative resistance region,

because the current increases as the anode-to-cathode voltage de-

creases. The differential resistance (slope- 1  is equal to a small

neqai ivn ntpnher, and the discharge appears to he almost a constant
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voltage drop for all currents. The 3:1:1 mixture at 175 Torr total

pressure was found to be optimum for the previous I mm x 1 mm waveguide

laser. From scaling theory we would expect the 53:18:18 Torr mixture

to be optimum for a 2-mm x 2-mm waveguide although optimum gas ratios

will differ somewhat, thus affecting the total pressure for maximum

output.

A

Assuming a 1 kV cathode fall for the copper tube cathodes, the

power loading, I • t, is plotted as a function of V gas and I gas in
Figures 17 and 18. The gas resistivity as a function of Vgas and Igas

is also plotted in Figures 19 and 20.

* Based on the voltage/current data of Figure 16 and the observed

satisfactory discharge uniformity with only 1 K ballast resistance,

six power supplies with variacs and resistor chains were ordered. A

Hipotronics 30 kV @ 10 mA power pack module was the best price alter-

native, and this supply would have allowed us to use 2 K4 ballast and

go to 30 cm long waveguide devices if time and money had permitted.

Because six power supplies were required, one for each of the 2x3 array

waveguides, regulated power supplies would have been a significant

fraction of the contract budget. The Hipotronic power packs wert an

order of magnitude less expensive, and it was felt that adequate

filtering could be achieved using inductors and capacitors.

The cooling capability of the BN waveguide material was ni ,j,--

during discharge testing. A 1/3 -inch copper tube (tracer) was epoxies<',

to the BN plate as shown in Figure 15. Three snall holts wore drillV I

to 0.5 m from the waveguide at the cathodo (C,), middlo (M , an( i ,,

(A). With no water cooling the temperatijrp Pxci ,,,1 1"J]° at

cathode end causing fracture of the Pyrex top pl t ns a t ))xr lat

the Eccobond 286 epoxy. With tap water cool inq, the" tv',:T .rat ,, .

kept at 110°C at 9 mA and 100°C at 7 mA as shown. Opt iirHv _aI ,': ,,-l -ri

ture for P(20) lasing is approximately qjiv-n hy

J..

op.
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~inx k -1/2 =19 (121)

T ga 152*C

w~here B i s 0. 3714 cmIii

Trie boron- ni tr ide mater ia a ppeared to be exce I lent f or wavequ i i,

I0 aser f aori Cat ion wuslny th is "trdCer" coolIi ng techn ique where tne

water i t I owed triruugh copper tub i n whi Ch i,- epox ed to the cerin i-

('o) s e~Iuert. I y a 11 x7 3rrdy ?)-cm -1 ong 1 ase r wldS (l I gnred and ons t ruc t i(
,jinq" jrm-nirje. t w,,felt that this lineir irrdy ovould allow &J'

.0. t:)U start wnere wil left off (lx? array) and give usi fivni l arity With ft,

1 oct inn r at inq ind vatpr coo11 ing problems be fore, t art i rig thf he'

I- 'i v' t In' I le~ " 1 m Therle were cow', i derlih 1o wit er (oIn i nq 'pruh

%. MhJ t'il' Ix" I,,> O wi 11 b~e dlsi5"ijPd. Sevenl wav~qiiles- were hm

- o; , - K1 ;)0WOC>up t P S were required for the 703 arra-y. and thu'>,

r),, 0,11- vt 1v (rvltaqp ,sjpplie-, left from the I1x? arradY de'Vi

.. 1 SlA~ I! ~ '~ pair wero wud ill &rI S t- f:r, t he ,fev-Wr
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The incident laser beam was nearly a plane wave or "top hat"

distribution, thus propagation losses and coupling were considerably

higher than for a propagating HE,, mode passing through the channel

once. Nevertheless, we can compare the theory of Section 3 to these

data and get a rough idea of their agreement. For unit power in, the

output power from the transmission channel would be

Pout = e TE (122)

neglecting power coupling back into the transmission channel, and the

coupled power would be

Pcoupled (1 - e-TE x) T' E  (123)

neglecting scattering and absorption losses in the ZnSe. The ratio is

then given by

2

P coupled (aTEx ) TEr.,2 - 8 X 10-4

Pout - i TEX (124)

where the exponentials have been expanded. Similarly for the TM

polarization

P coupled = (dTMx) T' TM_
P I__ T 0.13out lTX(125)

Taking the ratio of equations 124 and 125
.'.

A"TMx) T'TM 0.13

~x) T'7 7 7(1)

N N, . ..'. . .. °... . .. . , . . .



from equations 87 and 92. Solving 126 for n we find

n : 1.9 [ 2.4 for ZnSe] (127)

which is not too far from the refractive index of ZnSe.

The reflection grating selected for the 7 x 1 array and the 2 x 3

array was the PTR Corp. ML-303. The grating has a line spacing of 150

lines/rmm as shown in Figure 22. The Littrow condition is met at an

angle of incidence of 52.66:

Thus the waveguide subtends

(2mm/sin 37.340) x 150 9/mm (128)

= 495 lines (129)

The resolution using the Rayleigh criterion of having the

diffraction maximum of x at the same angle as the diffraction minimum

'2 of X + AX is

AX = X/495 = 10.6 pm/495 (130)

= 0.021 pm (131)

The difference in wavelength between the P(20) and P(18) lines,

the smallest AX we expected to work with, is 0.020 pm. Thus, it

appears that the ML-303 marginally had the required resolution to

select the various CO2 lasing transitions.

.1.* Reflection efficiency of the ML-303 grating is shown in the insert

of Figure 22. Note that the blaze angle is designed to achieve maximum
S.

reflection of the E-field perpendicular to the grating grooves and not

for maximizing the reflection of unpolarized light. The E-field direc-
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tion will be parallel to the ZnSe intercavity windows which was the

preferred lasing mode polarization of the previous 1 x 2 array device.

The interwaveguide windows were fabricated by Janos Optics, Inc.

The windows were made of optical quality ZnSe and KCl, and the polished

windows consisted of:

1. 160 ZnSe: 1 mm x 4 mm x 20 mm (+0,-0.2)

2. 160 KCI: 1 mm x 4 mm x 20 mm (+0, -0.2)

3. 32 ZnSe: 1 mm x 18 mm x 25 mm (+0, -0.2)

4. 32 KCI: 1 mm x 18 mm x 25 mm (+0, -0.2)

All windows were 60/40 surface finish, x/20 at 10 jm flatness, and less

than 3 arcminutes of wedge angle. The 1-mm x 4-mm x 20-mm plates

separated the 1 x 7 waveguides and the two 1 x 3 waveguide halves of

the 2 x 3 device. The larger 1-mm x 18-mm x 25-mm plates were used to

separate the two halves of the 2 x 3 device. The lengths of the plates

were as long as could easily be polished and handled by Janos Optics.

Windows were fabricated of two materials to offer the use of two

different refractive indices (2.4 and 1.5) between the waveguides. At

the time it was felt that this alternative might prove useful in

achieving phase-locking. In Section 3 it was shown that TE polari-

zation coupling is only a weak function of the refractive index. These

windows were long lead items and were ordered early in the program.

Consequently, the final details of the 1 x 7 device and 2 x 3 device

were designed around the dimensions of these windows.

The vacuum and gas flow system is shown in Figure ?3. Precision

gas flow meters from MG Scientific Gases measure the flow rates of the

M N, and He laser gases. A fourth flowmeter for a small xenon
21

'low was also added. Pressure upstream of the flowmeters was main-

tained at the specified 15 PSIG by the regulators on each gas tank.

Total pressure upstream of the waveguides at the cpntrdl anod( (1i,,

inl, t wa,, measured by a precision Wallacep-Tiernen pre ,u,r, qaliqt-. T r

I V - I . --



gas exhaust ports at each cathode fed out through a valve to a roughinq

pump. Closing down this valve allowed control of the total gas pres-

sure inside the waveguides. It was always found, however, that naximt in

flow rate always produced maximum laser power, and the valve was always

left open. Initially an 0.7 CFM roughing pump from the 1 ) 2 device

pr-ogramn was used to provide the vacuum. This was replaced early in the

program by a 7.0 CFM to provide greater flow for the I x 7 and 2 x 3

devices.

orie dlifficulty was encountered using the fl()wmters. Trey Ae,

d.l,,i mel to neasj-re the flow from a 15 -PSIG sotjr -e o t to an T I.,,_

., -c prress~re (15 PSIA) vessel for chemical ret i on 3i -:at i'..

.ur~so ently, flowinq from 11) PSl 1 to near vactjum inviliJtd trf, eo

sttj (ur4 5 Sup)l d fA r eC h tube size and ,,a- ii' 1. An . •

"i -,4treac ltl " -aijsed tne indi -ated f lOw tO (l darjt, Ntn i n.tntr?

j ) . " t > ' w 1 1n r ei ',,, r" dt, rasd .ter c l m" I . 4 f tt 1

,',01 V.i , 's ,:I :jr) it trle rity-adike of ,?de t f t)w A l ' A,

try ~Ai ar nus taiKen uut .)f toe t iow path. 2., 11ni .

A,. nsti'e at tne ojt let of eai .h f lov t.)e tO, chO . t , ' ., "

" , .t . N , ,ince the .. i'ls! it- the f I, tito, w.s it - "

* V~ <n.1 r,.'~,j-- the -a 1 ordt -(I~~
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A *. , ' ,

,i ,

.................................. %\\</~~.*.



FLOW
METERS

PRESSURE GARESR
GAUGE GUE

He

W4AVE-
,iiiID ES

ANODE N

CAT1OD E

C02

I A/PPAY (,A', rl flw ;' I FM

UA'



fluctuat ions. during operat ion of both the I x Ind ri '

plasma oscillations and discharge jumping were a prot)e2 I f , A

be discussed in more detail in the next two sect ion,. T no

did, however, reduce the current fluctuations by abhD* a -

two.

6.1 One by Seven Array Device

Fabrication of the Ix7 array was completed about six mntois -. ,

the start of the program. A side view of the device is shown in F I}q'.

26, and an end view is shown in Figure 27. Gas inlet and ,xh.ic,,

through three manifolds opposite the central anode and two crtrioi,-n ,

respectively. The electrodes are made of 1/16" stainless stefI rn.,

and the body is constructed from blocks of boron nitride epoxi,,;

together with Emerson and Cummings 286 epoxy.

Photographs at various stages of construction are shown in iqur-

23-a through 28-f. Figure 28-a shows the lower BtN plate undersile

revealing the water cooling chambers. Figure 28-b shows the waveguil-

side of this lower plate. The smaller grooves each 1-me wide hold the

interwaveguide 4-me x 20-mil x I-mm replacable windows. The upper Bi

plates are seen in Figure 28-c and 28-d. The upper cooling chamber

and the waveguide channels are shown. Also visible are the sew vn

,tinless steel electrode rods for the split discharge in each

,avVqiJ ide. The endcaps to hold the output coupler and reflect ion

i-p.iinq are in the foreground. Note that the inner end-cap piece ic

.,ried to be a wavegu ide "extension" bringing the wavegui de as i,

: ~)O~S i1e to the reflectors and going beyond the di scharge volum

-, "'ii i~i L the coupling losses into and out of the waveguide.

2 - ow I(,h-  the dtvice with the yel low c',lured interwav,-

', 4iiodoa, !oa ed into their channels. The last pl tes on both
r- i,jh t side are made of BN to fill the charmels completely

)1. i, cal coupling at the waveguide ends. Figure ?2 -f

1... w ', ipper plates in position. the water coo 1 int
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(hambers are covered by a fiberglass plate. There is one water cool ng

inlet and outlet tube in each upper plate. The waveguide end cap and

extension on the right side holds the reflection qrating for lasinq

line selection. The end cap and waveguide extension on the left side

0)105ls the output coupler.

ri i7 device connected to its gas flow system, vacuum pump

sste~, !nower supplies, arid water cooling system is shown in Figure 29.

an tlkainde1 view snowing the gas flow meters, pressure gauges, and gas

t / tank is shown in Figure 30. this photograph was taken before

valv,; yere installed after the flow meters and the valves

ipp I, (i the gaije below the flow meter were opened all the way.

r)i s,-harjes were next run in the seven waveguide channels using

'-,-7I an, 7:1:1 (He:N, :CJ,) gas f I ratios at 75 Torr and 150 Torr

:n~t Oresur'is. PIots of discharge current versus discharge voltage

.... q itl 'not shown nere). It was noted that the voltage drops were

)wt- than that of the test channel shown in Figure 15. This was

Q ti he due to the fact that the discharges no longer made the two

°ijrrs into and out of the waveguide channel. The electrodes were

fow i0i with the wavequide surfaces as seen in Figure 27. It was

I', 0)td that the current versus voltage curves were shaped

i ftt-.r,,t ly frum titat of the test channel. The curves showed primarily

, , i ,, resistane. At the time, this was attributed to the flush

itrm!,i' ind anodt, geomet ry. It was later found to be due to toe

po,),-,ity of the boron ritride blocks arid the cooling water as describeu

,j ur iring the di scharges onsiderable arc 1ig was observed

i,,, no km, crnrtra l inode and the idjacent centrdl anodes around the

0r ,- irtrwavegu ide windows. Improved grounding of the power supplies

aIrd too addition of inductive filters in the anode power lines greatly

inproved discharge uni formi ty. Fourteen more inductors were then

ordered for the cathode power lines for additional filtering as shown

in Fiquir- 24.

A%



FIGURE 29. 1 x 7 DEVICE WITH GAS FLOW, VACUUM,
WATER AND ELECTRICAL CONNECTIONS
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After several hours of discharge running, a deterioration of the

N round the central anodes was observed as a fine BN dust deposit

below the central anodes. The dust initially coated the reflection

qrating (Figure 22) causing the destruction of many grooves. Two new

Iratinqs were subsequently ordered. It was initially believed that the

BN doterioration was due either to electron bombardment of the RN next

tn the anode or thermal expansion of the stainless steel anode causinq

fracturing of the BN. If deterioration became too severe, the plate

holdinq the seven anodes (center of Figure 26) would be removed and

i<''acpd by an identical Mad-<,r ,-as , L-ramic plate.

A 99'/ reflectivity output coupler and the reflection grating were

next installed on the 1x7 waveguide array. The output coupler was

aligned using a HeNe laser, but it was not possible to optically align

the grating using a 10.6-im laser beam at this time. By running

discharges at various currents, gas pressures and mixtures, and

rotating the grating, it was not possible to achieve lasing. It was

believed that the grating misalignment was the culprit.

In view of tile BN deterioration at the central anodes, however,

it was decided not to continue "tweaking" but to replace the grating

wilth a 2-mm x ?0-inrm high reflectivity flat mirror and align both optics

with the HeNe laser. Seven such mirrors using a silicon substrate witn

enhanced silver coating were then ordered from Janos Optics. Original

deliipry of the enhanced silver coated silicon mirrors was promised in

tw,- t) three weeks, however, delivery time was subsequently slipped to

fivor wpoks by the vendor. Consequently, it was decided to disassemble

ilift l,7 array di' VicP in order to examine the RN deterioration which was

fnmlht to cause thef discharge nonuniformity and cross channel arcing.

Upon lisassenly a white soft powder was found coating the insides
the waveguides near the central anodes, yet no deterioration of the

UN 4a', obsrved. The white coating did not plug the qas inlet ports

I ,), v 'i, c nttrdl anode', hut it did pile up about one to two

t ent imtter', dowritr- am )f the anode on both sides and coat the tips of

a-

4 -. '"-> --- '> " L1'.'. .- '. .., " L L ': .-.I . i ..1. .' L ' . ''" 1.L. -'i' .. 'i'> 1 1 '1£ . -L. "' -" ''- .? - .? -



the stainless steel anodes. It also coated t ne n, 1, 1

waveguides causing fusing of some ZnSe windows and te RN :K1ate t

BN body. Based on this localized build up of tre powd-, !

downstream of the anodes, it was felt that i chemical ea. t ion

taking place between the BN and the monoatomI or dat(mI, o)v.,-,

CO neinq produced in the He, N), C(O; gas uis harqe. :"e( a,;,, ,

problems were observed in the test discharqe wdVequl Ie 't wd', A

that the stainless steel electrodes must be act inq *', a a I. ,

copper electrodes were previously used.

In conversations w t.h Carbur und uj Co rpor at 1r ,, ,r, r ," '
4.

t oujoht that 3 BO , or other BO , and HO) ci)npozurds wt,,,' b.- ,ij :..

thie di sharye atmosphere conf 1 rmi ng our suppos t I on,, . e : , t

from B.0 3 N and B'03 impurities in the BN mat er;a. Te n ,

out interstitially thus no BN deterioration would hw - It-"v I- , -

4e found. Also BO, and BO, compounds are water sn! abi, *h ' , ...

- powder was found to be. Carborundum Corporat ion p errrn en P

inq high purity He, N,, and CO., gases and backfil Inc thn', e ,Je , I ,

one atmnosphere N, when not in use i nst P ad If Itrrin 11 ,r * .

prevnts formation of H BO_ and HBO- due t ) snalI va,oju 'oa .

After obtaining this informat ion it wa' d, A d P'I c (I

..- nt -a! 3N block and its seven stainl ss ,t etI P'e c! , r, l , h V 3 , ,

' i0 scs P'cer dli r block and seven c opper anodt,. T , . '

te- t ,- t 1. nl <ess s tef-l wert a( t iriq I Ike K P a .t 1
1 

V',t .t oi |',, r. I'i ,

O r 1, - f'om be i ng I-)v, red by the RN impuri t y r oip,,und,. Tht, :'

"O i ') p] te ; shown ,i tru center of igrure ,  It) an ',

Tne Mac-,r q l ,, s/ceramic central anode IIlat, ,* , , ,

111 , II, )1,)s was f abr - at-d and 1 nstalled in t Il+  Ix ' ar,,Y 10,. 1 f,

rinltili q so;)iitn d schar -,es and then pumpinq ,i the ,Itv e i I, I f, II

' -,s fjrund tnat tne chemical hu i Idup wa', ,som,what ot , ,,J. ,fla

head -size growths co(uld be seen qrI)winq from itI r 'ir t' ,

II i etprwaveguilde windows,  and te, ,N h-IY. Whi- iii, 1,

." I

* 4-~,a; ,.. ,_ i t.u,.. ,, , ,.., . -.-..- .... .... ... . . . ._,, .. .A .. . .. .. .. . .,
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:,ii tois was the result of a small leak in their coating chambers

.4hi:n tney had recently discovered. Consequently, all damaged 2 x 20

mm nirrors were recoated at no charge. [The damage of all of these

"op ical elements was determined soon after as being due to the corro-

• e compounds produced by water diffusing through the BN plates from

t'io witer cooling channels.]

Next, in an effort to obtain simultaneous lasing in more channels

of the 1x7 device, Xenon gas handling capability was added to the He,

N , CO, gas delivery system. A 5% flow of Xe was added to the 4:1.25:1

gas mixture at 65 Torr upstream pressure. [The addition of 5% Xe na>

Deen reported2 8 to yield about 25% more laser power attributable to d

redistribution of electron energies downward toward the N2 excitation

energy region.] Unfortunately, lasing was not achieved with the ix7

device using this conceptually straightforward addition.

The background pressure (vacuum leaks) in the seven channels hal

risen to about 2.8 Torr (upstream) by this time. It had been tnouqu"

that the Wallace and Tiernan pressure gauge indicated about ?

higher than the actual pressure. However, when the gauge was

brated, it was found to be reading correctly. The leaks were tt-."

much more serious than thought. Typically less than 1 Thrr ha,,

pressure is allowable for lasing with a flowing gas nv, eijl.

Consequently, leak detection and sealinc or. -o

begun next. Unfortunately, the WJSA Helium ,

damaged previously and was not operation i:

the system took three weeks.

, • r)i, the t I ifl .- i-d 1 1 ! t ,,

i

-,tri I'l f I ( w 'Y , t .f4it a - T!!j t t-c ), ',

4o an

.4 " °%* . .%
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It also allowed more accurate measurement of the laser gas flow rates

because the flowmeter calibration curves could be multiplied by --7 for

operation at 15 PSIG instead of the correction factor for operation at

low pressures. Optimum gas flow rates were remeasured when 1x7 device

was resealed after leak checking.

Leak detection and sealing of the 1x7 array waveguide CO2 laser

device was achieved by coating the entire outside of the device with

Torr seal and Kinney vacuum seal reducing the background pressure to

about I Torr. The water cooling channels were cleared and dried and

then filled with Kinney vacuum seal. Background pressures dropped to

0.2 Torr proving that diffusion through the porous BN plates caused a

substantial vacuum leak. Fortunately when water was then flowed again

through the cooling channels, background pressure remained at 0.6

Torr--a considerable improvement over the previous 2.8 Torr background

pressure. Because of the porosity of BN, this material cannot be used

in the outer walls of waveguide lasers, or any hard vacuum wall, and

certainly not for cooling chamber walls. Considerable time and funding

N. was lost trouble shooting this material.

,N,. A 2 mm x 20 mm enhanced-Ag coated Si flat mirror and a 99%

reflectivity ZnSe output coupler were then reinstalled on the 1x7

device. Lasing was achieved on all seven channels separately and on as

many as channels 2, 3, 4, 5, 6, and 7, simultaneously. Typical output

power for a single waveguide was 400 mW with only the 1% output

coupling. Figure 31 shows the intensity distribution of each waveguide

(sequentially) using the Spiricon pyroelectric array detector at a

distance of 76 cm from the waveguide lasers' exit apertures. The

distance between the intensity peaks corresponds to the 3 mm waveguide

separation. The center to center spacing of the pyroelectric array

elements is 0.2 mm.

It was found that when the central waveguide (#4) was aligned for

maximum output, waveguides #1 and #7 were misaligned. Aligning the #1

channel would prevent the #7 channel from lasing. Thus, there is a

8 6
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small "wedge angle" between waveguides. Also, the intensity distribu-

tion is more Gaussian and the secondary maxima are further from the

center than predicted by the FFT of an HE11 mode in rectangular coordi-

nates as reported in Section 5.

When several channels were run simultaneously, output power per

channel decreased because small discharges around the ends of the

interwaveguide windows between channels were started. This changed the

channel discharge conditions resulting in suboptimal operation as well

as producing hot gas at the channel ends which absorbed some 10.6 Pm

radiation. Figure 32 shows the far-field patterns of several wave-

guides lasing simultaneously. No interference fringes were observed

indicating that the waveguides were operating on different transitions

or that there was insufficient coupling to phase-lock the lasers.

In Figure 33 the pyroelectric array was moved as close as possible

to the laser at a distance of 10 cm. The laser modes irradiated only

about 10 pixels at this location, and mode overlap was very small.

Moving the detector array only 4 cm further away to 14 cm, Figure 34

shows that at this distance the secondary maxima have diffracted

outward and lie roughly on the maxima of the adjacent laser modes.

When several waveguides are running, these fringes could falsely be

confused with phase-locking. Interference fringes must be detected in

the far-field, whereas Figure 34 is at about one Rayleigh range, ZR =
TW 2/ X= Tt (0.7 (1 mm) )2/10.6 im = 14.5 cm, for the equivalent TEMQ0
mode. Also, it appeared that at 14 cm the secondary maxima are larger

relative to the central maximum than closer in (Figure 33) or further

away (Figures 31 and 32).

The optimun gas ratio was found to be 5.3:1.3:1::He:N2 :CO2 at a

total upstream pressure of 35 to 45 Torr. The gas flow rates at these
optimum conditions were measured to be:

P,
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FIGURE 32. MULTICHANNEL LASING OUTPUT DISTRIBIITInN AT

A DISTANCE OF 76 cm
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He - 1.13 2lmin

N2 - 0.28 X/min

C02- 0.21 Z/min or 4.8 fills/sec

1.6 Z/min or 4.8 fills/sec

Velocity = 95 cm/sec (= Mach 0.002)

When Xe was introduced, an additional 10% laser power was obtained

at an optimum gas mixture of about 4:1:1:1::He:N 2 :CO 2 :Xe at an upstream

pressure of 60 Torr. With this surprisingly large amount of Xe, plasma

oscillations were more prevalent than without Xe. Gas flow rates were

measured to be:

He - 1.13 k/min

N - 0.31 i/min

* C02 - 0.28 k/min

Xe - 0.41 /min

2.1 X/min or 6.3 fills/sec

Velocity 125 cm/sec (= Mach 0.003)

Discharge current versus anode to cathode voltage (V + cathode
gas

fall + anode rise) was measured and is plotted in Figure 35. The

negative resistance regime i s again evidenced as in the test channel.

This was not seen when the gas was contaminated. Optimum discharge

current was found to be 5 mA to 7 mA per waveguide. Most of the data

were taken at 4 mA to avoid overheating and mirror damage.

The laser mode polarization was measured and again found to be at

least 200:1 parallel to the 7nSe interwaveguide windows as was found in

the previous2 9 1x? device.
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The ix7 array waveguide CO laser device was retested using the

infrared reflection grating as the total reflector. First, the array

was a,igned using a 1% output coupler and the 2 mm x 20 mm enhanced

C--. silver-coated-silicon total reflector. About 400 mW per waveguide

(separately) was measured as reported above. The grating was then

installed in place of the 2 x 20-mm total reflector, everything else

remaining the sane. Unfortunately, lasing could not be achieved using

the grating. It appeared that the grating was misaligned by approxi-

mately 2* about an axis perpendicular to the plane of the seven

wavequides. Compression of the O-ring against the grating did not

allow enough rotation to compensate for this machining error.

The next series of tests would have been to replace the grating

* wi'h an anti-reflection (AR)-coated window and mount the grating exter-

nally using a mirror mount for correct alignment. Also, a lens in

f 'nE of the grating or simply an external spherical copper mirror

coI'd have been tried. Due to time and funding constraints, however,

tne i7 array was put away for future testing at the end of the program

if ti:ime allowed, and attention was given to the 2x3 device.

6.2 Two-by-Three Array Device

While the 1x7 array device was undergoing testing, the 2x3 array

device was being fabricated. Each half of the 2x3 device was machined

from a solid block of Macor as shown in Figure 36a. On the inner

surface is an O-ring groove, a notch for the large ZnSe windows, and

two grooves in the waveguide channel floor for the small ZnSe windows.

Copper electrode pins enter the wavequides through three small holes at

each end (cathodes) and the middle (anodes). Gas flow ports are cross-

drilled through the body, and the electrode holes are enlarged so that

gas flows around each cathode and anode. The laser gas mixture flows

in around the central anodes and out around the cathodes at each end.

The channels of the 2x3 device were made 1.6 mm square to hel p confine

tie i sch rge, roinp aired Lo the ? rmi square channels of the 1x7 device.

The 'x3 dnvice is also M(O cm long.
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FIGURE 36a. ONE HALF OF MACOR 2 x 3 WAVEGUIDE DEVICE

FIGURE 36b. CLOSEUP OF COOLING CHANNELS, ELECTRODE
INSERTION HOLES, AND ELECTRODE PINS
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Water cooling channels in the outside of the Macor block are shown

in Figure 36b. The electrode pins are covered by Al 203 sleeves and

slide into the electrode insertion holes so that they are flush with

the waveguide channel wall for a minimum scattering loss. The elec-

trodes, gas flow chambers, and water cooling channel covers are sealed

with E&C 286 epoxy far from the heal of the discharge.

Milling of each half took about 40 man-hours, and, since the

ceramic was very brittle, several body halves cracked during milling.

Many hours were spent determining feed rates, cutting depth, and

ii ling tool rotation rates for properly machining this Macor ceramic.

A set of A1203 plates (4x25xl mm and 1Ox25x1 mm) was ordered from

W akefield Precision Optics to initially replace the ZnSe interwave-

guide windows in the 2x3 device. It was felt that characterizing the

laser using standard A12 0 3 surfaces and SiO2 (Macor) surfaces would

-. provide a reference point to compare with the mode shapes and powers

measured when the ZnSe plates were installed.

The 2x3 array Macor device acuum and gas flow manifolds were

completed and leak checked individually. The empty Macor body was then

sealed and found to be leak free down to the 30 mTorr roughing pump

vacuum. The polished A120 3 interwaveguide plates were installed, but,

when the array was pumped down, a hair-line crack developed between the

waveguides and one water cooling channel. Fortunately, the leak was

* sealed using Kinney vacuum seal inside the water channel on the second

attempt.

The 2x3 device was then transported to the optical table and the

1 x7 device was removed for" storage. The vacuum lines, gas flow system,

and power supply lines were then connected. Figure 37 show, a side

view and an end view of the system after installation.

A flat ZnSe total reflector and 5% output coupler were next

installed on the array. A maximum output power of 3 W was measured

"4...
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from one waveguide with slightly lower powers on the other channels. A

10% output coupler was tried next and a maximum of 8 W was measured on

one channel. Three other channels showed powers of 6 to 7 W, and two

channels were obscured by blackening of the output coupler and a small

chip of Macor. The 8 W output power measurement corresponds to 0.4

W/cm of discharge length. This is very good efficiency for dc dis-

charge excited waveguide CO2 lasers. Next a 15% output coupling was

used, and a maximum of 2 W was measured on four channels, one channel

at 1 W, and one not lasing.

Some representative mode shapes using the Spiricon pyroelectri:

array detector are shown in Figure 38. Nearly Gaussian far-field

patterns are shown. The linear pyroelectric detector array can be

*oriented either vertically or horizontally as indicated below the

photographs. The numbering of the channels is shown in Figure 39 for

defining the waveguide channel location in the following tests.

Next, simultaneous lasing of different waveguide channels was

achieved resulting in the mode shapes shown in Figure 40. Since AI203

plates and not ZnSe plates separated the waveguides, no phase-locking

_ was expected or observed. (It had been suggested previously, however,

that phase-locking could occur due to the cross coupling at the mirror

surfaces. Figure 40 demonstrates that this is not the case.) Plasma

oscillations due to discharge crosstalk cause the intensity variations

shown in the photographs.

The optimum gas ratio was found to be about 10:1:1::He:N2 :CO2 at

30 Torr total pressure although there was little variation down to a

V6:2:1 mixture at 52 Torr upstream pressure. The corresponding gas

flows were measured to be:
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He - 2.8 xImin

N2 - 0.28 x/min

Co2- 0.28 i/min

3.4 i/min or 19 fills/sec

Velocity = 369 cm/sec (= Mach 0.009)

A plot of discharge current versus voltage at the 10:1:) 80 Torr

mixture is shown in Figure 41. The negative resistance region is agair

evidenced. Optimum discharge current was measured to be about 4 mA per

channel in good agreement with waveguide laser theory.

Using the 8 W output power at 10% output coupling data point, a

first order Rigrod analysis can be applied. The output power from a

homogeneously broadened laser is approximately given by equation 9.

out 2g 0 1 (132)

where

i = 3,000 w/cm 2 (80 Torr) saturation intensity

A = 2a nil x 2a mm area x T/4 (- mode area) a = 1.59 nm!/2

t = transmission of output coupler

go = small signal gain

1 = discharge length

L = round trip losses other than output transmission

2 x (waveguide loss) + (reflector loss) + 2 x (coupling loss)

The optimum output coupling determined by differentiating equation

(132) is given by

opt 0(2oLL)'' 2  (133)

once q and round trip loss, I-, are known.
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The locus of points of all values of L and q0 giving R W of output

nower (sinqle wavequide) is drawn in Figure 4?. similarly, all values

of L and q0 having an optimum output coupler transmission of P% are

plotted. The two curves intersect at qo = 1.15%/cm and round trip loss

of 3. 8%. This is in good agreement with expected values.

The ZnSe flat total reflector was removed next and replaced with a

flat AR/AR coated ZnSe window. A one-inch-diameter, 9-inch radius-of-

curvature concave copper mirror was then placed 9 inches from the wave-

quide apertures Forming a class two resonator as described in Section

2.2. By translating the mirror vertex to the optical axis of each

wavequide sequentially, output powers of 4 through 6 W were ,ieasured on

all tie six vaveguides. Figure 4.3 shows representative mode shapes for

horizontal and vertical pyroelectric array orientation. The polariza-

tion of all six wavequides was found to he in the vertical direction as

lefined h Figure 39. Recause of the wall symmetry in waveguides 1, 3,

A, and F resultinq in no preferred nolarization, it was thought that

scatterinq off of the flush electrodes and qas flow holes oroduced the

T- polarized modes (F-field parallel to the electrode surfaces) in the

vertical direction.

The tapper mirror was then translated to half-way between adiacent

wavqji de channels. Folded resonator modes were observed at the output

coupIer •  the light propagates down one wavquide, reflects off the

V s),ohe ical copper mirror at a wnall angle and then propagates back

throuqh the adjacent wavequide. The folded resonator has an output

coupler at each end. The qeometry of folded resonator modes is shown

in Figure 44. Far-field intensity distributions are presented in

F im1re 45. In Fiqure 45a) is the nutput from channel , ? and 5 with the

t r hr iz,)nt . The i oterf, rernie frinqe-, are clmrI y vis ible. By

trin, IP. ignq t.hi iiopper rin rr.)r i n O ut , the max i~na -in he changed to

n in ima arid vi saversa. Th is is, of course, due to the hal f- inteqer

wayw lenqth separat ion hetwpen the output mirrors at the Fabry-Perot

r-, on- rir corld it ion. Data on thi s phenomena wil I he shown short 1 y.
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a) Channel #5 Vertical Detector, z = 77 cm

b) Channel 5Horizontal Detector, z =42 cm

FIGURE 43. MODE SHAPFS WITH SmiF[RICA1 COPPFP MIRROR/90% REFLECTOR,
INDIVIDUAL WAVEG)IJIPFSj S[PARATFn 5Y Al 20 3 PLATES
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-'Detector Array Horizontal , z =56 cm

b) Detector Array Vertical, z =77 cm

FIGURE 45. FOLDED RESONATOR MODE OF CHANNFLS .42 AND #5
SEPARATED BY A1,O, PLATES, 9" P.C. COPPER MIRROR
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Figure 45b) has the detector array vertical showing the Gaussian mode

distribution without interference fringes.

Diagonal-folded resonator modes were observed when the spherical

mirror was placed half-way between diagonally separated waveguides.

That is, that waveguides #1 and #5 could form a single resonator.

*Because of the high coupling losses, output powers were down to about

?00 rnW. Interference fringes were observed in both the horizontal and

vertical directio,. Figure 46 shows a diagonal folded mode energy

distribution in both axes. When two diagonal folded resonators were

lasinq, Channels 1 + 5 and 2 + 4 for example, similar interference

patterns were observed. Increased plasma oscillations because of the

operation of four channels further reduced the power.

The spherical copper mirror was then aligned to a single wave-

guide, and the Gaussian mode was focussed into a Laser Engineering CO2

spectrum analyzer. As the copper mirror was translated along the

optical axis, the 10 pm lines of P12, 14, 16, 18, 20, and 22 were

observed to lase. The P20 line was the strongest, as expected.

-"
Next the reflection grating was placed as closely as possible to

the AR coated window. The distance from the center of the array to the

grating was 4.1 cm at this point. The output powers from channels #1

and 4 closest to the grating were measured to be 1.5 W each. Channels

:- d2 and 05 produced about 1.4 W each, and channels #3 and #6 furthest

~ from the grating produced 600 mW each. Lasing was achieved with the

qratinq as far as 11.4 cm from the exit apertures. Figure 47 shows

somhe typical mode patterns for this resonator configuration.

4~Next a 6.35 cm focal length ZnSe lens was placed between the

wavequide exit aperture and the grating. Initially the lens was used

in the 9:2 position (as for geometrical optics) as this was easier to

ipl ieont. No lasing was observed. The lens and the grating were then

P i(rod in the 1:1 location as for Gaussian mode applications. Lasing

wa ; achieved with about I W of power measured on each waveguide

I nO
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a) Detector Array Horizontal, z 36 cm

b) De -,ctor Array Vertical, 36 cm

FIGURE 46. DAOA-O rrfqpmflflF nF CHANNELS til AND #5
SFPAPAVVI Y P1 P. . r, P..OPPER MIRROR
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a) Channel #6 Vertical Detector, z 51 cm

b) Channels r'2 and L-4 Detector Horizontal, z =46 cm

FIGURE 47. REFLECTION GRATING MODE STRUCTURFS, GRATING AT 4.1 cm.
CHANNELS S[PAPAT[[5 BY Al20"
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separately. Gaussian modes were observed when the lens and grating

were aligned for one waveguide, and folded cavity modes were found when

the lens and grating were aligned half-way between channels.

In the focussing of Gaussian modes, it is well documented that

they do not obey geometrical optics but have their own set of equiva-

lent equations30 . The magnification is given by

m 0 (133)
W 0 [(1-S/f) 2 + (ZR/f)2

where S is the distance of beam waist W from the lens. Magnification

is a maximum at

dmd. 0 => S = f (1:1 position) (134)

and at this point

m = f/ZR (135)

where ZR = wo I/X. The magnification for the 6.35-cm focal length lens

is thus 6.25 cm/9.29 cm or 0.68. At the lens focal plane there is a

beam waist, Wo , or plane wave, and the light reflects back to the lens

exactly along the path of the incident mode. Other conjugate positions

are, of course, possible with reduced magnification.

By slowly rotating the grating and observing the output of a

single channel on a CO2 spectrum analyzer, lasing occurred on the

following transitions:

112
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. 9.20 um R(34) > 9.28 Um R(18)

9.54 Am P(18) > 9.66 um P(32)

10.17 jn R(32) > 10.26 1m R(18)

10.57 pm P(18) > 10.63 um P(24)

At this point it was felt that enough had been learned about mode

shapes without interwaveguide coupling so that a difference would be

*1 detectable in the mode shapes with interwaveguide coupling. Conse-

quently, the ZnSe interwaveguide windows were installed.

The 2x3 array device was disassembled and the Al 203 interwaveguide

p plates were removed. The plates were found to have a brown coloration

that was believed to be from the copper of the electrode pins. The tan

discoloration was not dissolvable in acetone and was infused into the

Al 203 material.

The ZnSe plates were installed into their slots, and the device

was reassembled and leak-checked. A vacuum leak developed aqain inside

one of the water cooling channels and was sealed with Kinney vacuum

seal for the second time. The following morninq it was found that this

hairline crack had opened up, and channels #4 and #5 were plugged with

Kinney vacuum seal . Consequently, the Macor body had to be opened up

once more.

Kinney vacuum seal was peeled out of channels #4 and #5, and a

dark hairline crack was visible at the bottom of the ZnSe plate qroove.

It is believed that the brittleness of the Macor ceramic that caused

the crack to develop when the body was assembled and then reas-

sembled. The only possible way to seal the vacuum leak was to pwp on

the water-cooling channel on the other side of the crack. Thus, one of

the four water coolinq channels became inoperational and care would

have to he taken to avoid overheatinq this part of the structure.

11304



The 2x3 device was reassembled, and a 95% reflectivity output

coupler and the AR/AR window were installed. The 9 inch radius of

curvature copper mirror was placed 9 inches from the six waveguide

apertures forming a case II resonator for the first series of tests.

The concave mirror was aligned to channels #4 and #1 and about 300 mW

from either channel (separately) was measured. This is a considerable

drop fron the six watts with 10% outcoupling and three watts with 5%

outcoupling that was measured with the A1203 plates installed. The

reduced output power can only be due to the increased distributed loss

produced by the ZnSe walls and the leaked radiation compared to the

Al 2 0 3  walls.

The polarization of each waveguide was sequentially measured and

found to be:

#4 horizontal #1 vertical

#5 50/50 #2 horizontal

#6 horizontal #3 90% horizontal

as defined in Figure 39. This indicated that there was not a strong

polarization preference, hence, the losses due to the ZnSe and Macor

Si', glass/ceramic materials were nearly equal.

The copper mirror was then translated half-way between waveguides.

Again folded cavity modes were observed. Figure 48 shows the folded

cavity mode from channels #2 and #5. In 48a) there is a maximum at the

center of the oscilloscope trace. By translating the concave mirror

X/4 in or out, the maxima and minima change places as shown in Figure

48b). No array-mode formation was found, as might be expected with the

polarizations measured above.

The polarizations of some folded cavity modes were found to be:

#2 and #5 vertical

#3 and #6 vertical

-2 and #3 horizontal

The Ti pol ,irization with respect to the plane -of - incidence at the

;pherical mirror is seen to have lower coupling loss than the TM

pmlr i zat. io .
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a) Detector Horizontal, z =52 cm

l 'i-"]i~iL~iib) Same with Small Displacement of Spherical Total Reflector

~FIGURE 48. FOLDED CAVITY MODE, #2 AND #5, ZnSe WALLS,
l~i 9-1NCH R.C. COPPER MIRROR115



Placing the spherical mirror at the center of four waveguides (2,

3, 5, and 6) did not result in lasing. The diagonal coupling losses in

conjunction with ZnSe wall losses were too large in this resonator

configuration.

Next a ZnSe lens with 6.35 cm focal length and flat copper mirror

were placed in the 1:1 position as before (See Figure 44). This

resonator configuration had been demonstrated by Yaeli et. al3  to

produce array-modes when used with AlGaAs semiconductor laser diode

arrays. The experiment showed that the output from an array of

phase-locked waveguide lasers can be viewed as a single array mode

propagating outward symmetrically about the center of the array. Thus,

an array-mode can be reflected using mirrors, gratings, lenses, or

combinations thereof just as for a single HE11 mode. Thus, we had high

hopes for this resonator configuration.

When the ZnSe lens was aligned sequentially with the individual

waveguides (the flat mirror was aligned for all six), the following

polarizations were observed:

#4 vertical #1 50/50

#5 horizontal #2 horizontal

#6 horizontal #3 50/50

Again no strong preferential polarization direction was exhibited.

Also, near Gaussian mode patterns were observed for each waveguide.

When the lens was aligned between adjacent pairs of waveguides,

folded cavity modes were again observed. Figure 49a) shows the folded

cavity mode of channels #2 and #3. In 49b) the mirror is displaced x/4

producing a X/2 optical path length change, and the maxima switch to

maxima and vice versa. These folded cavity modes were observed for all

mirror positions as the flat reflector was translated toward or away

from the waveguides over a range of about ±12.5 mm. The polarizations

of some of these adjacent folded cavity modes were found to be:

116



a) Deeco Vetial z 54 cm
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'21'.a) Detector Vertical, z = 54 cm
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b) Some with Small Displacement of Fldt Mirror

FIGURE 49. FOLDED CAVITY MOD[, #2 AND '3, ZnSe WALLS,
LENS WITH FLAT COPPER MIRRORp
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#1 and #4 vertical

#3 and #6 vertical

#2 and #3 horizontal

The ZnSe lens was then aligned between diagonally separated wave-

guides. Again folded cavity modes were found to dominate any array-

mode formation. The polarization of some diagonal-folded cavity modes

were:

#3 and #5 horizontal

#2 and #6 horizontal

#1 and #5 horizontal

#2 and #4 horizontal

The horizontal polarization of all four diagonal-folded cavity modes

showed that phase-locking could not have been prevented due to opera-

tion of the channels with orthogonal polarizations. It was possible,

however, to achieve vertical polarization by small misalignments of the

ZnSe lens.

Diagonal-folded cavity modes #2 and #6 and also #3 and #5 were

then operated simultaneously. Two diagonal interference patterns were

produced. These two sets of fringes did not phase-lock together and no

array-mode was formed. Figure 50 shows a typical fringe pattern

between #2/#6 and #3/#5. The nonzero interference minima is due to the

fact that the two folded cavity modes did not phase-lock. This is

in spite of the fact that the interaction length was 2 x 20 cm = 40 cm

along both the vertical and horizontal axes. No phase-locking was

observed for any mirror separation distance.

A variable stop was then placed as close to the flat copper mirror

as possible, about I cm away. The pupil was stopped as small as it

would go (about I mm) to encourage array-mode formation by clipping the

higher transverse mode components as was done in Rpference 31. Phase-

locking between the two diagonally folded cavity modes and array mode

formation still did not occur for any mirror distance. Uncoupled

folded cavity modes always dominated.
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a) Detector Vertical, z =67 cm

h) S)ame with Small1 Pisplicement nf Flat M.irror
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Next the ZnSe lens was translated to the exact center of the

array, and the pupil realigned. Longer diagonal-folded cavity modes,

#1 and #6 as well as #3 and #4, were aligned for equal power. They

were then operated simultaneously to observe the output mode patterns.

Figure 51a) shows the two diagonal interference patterns with the

pyroelectric array horizontal and near the center of the array. In

Figure 51b) the upper two outputs, channels #1 and #4, are blocked by

a razorblade, and the detector array was lowered to the centers of

channels #3 and 46. No interference fringes between #3 and #6 were

observed again indicating two diagonal folded cavity modes not phase-

locked, hence, no array mode formation. The polarizations of these two

fnodes were found to be:

#I and #6 vertical

#3 and #4 80% horizontal

3nd the two polarizations were not optimum for phase-locking.

Next all six waveguides were operated simultaneously. Diagonal-

folded modes #1/#6 and #3/#4 were turned on, and ther a small current

of about 1.5 mA was run through channels #2 and #5. The folded cavity

mode #2/#5 having lower coupling losses than the two long diagonal-

folded cavity modes would otherwise swamp the outputs of #1/#6 and

i3/-4. The fringe pattern of #1/#6, #3/#4, and #2/#5 is shown in

Fiqure 5?a). Witn the pupil at its minimum opening, still no array-

mode formation was found. The laser array operated with three inde-

pendent folded cavity modes as shown.

All of the above measurements using a ZnSe lens and a flat copper

mirror were repeated next using a 99% reflectivity output coupler. The

increased intracavity flux should have produced a higher interwaveguide

energy coupling, but the interference patterns were identical to the

previous 95% reflectivity output coupler results. After this, all the

tests were repeated using a 25-cm focal length lens and the flat copper

mirror. Again identical far-field energy distributions were measured.

Figure 52b) shows folded cavity modes #1/#b, #3/#4, and #3/#5 with a

99"0 reflectivity coupler and the 25-cm focal length lens. In Figure
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a) Detector Horizontal at Array Center, z = 44 cm

b) Detector Horizontal at Channel 3 and 96, z 44 cm
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55) the output of mode #3/#5 is somewhat higher than in Figure 52a)

resulting in a higher central peak.

Also during t' is series of tests linear arrays of waveguide, #1,

#2, #3, and #4, f5, #6, were tested for phase-locking and array mode

formation. This was easily accomplished by translating the ZnSe lens

to the center of either channel #2 or #4. Figure 53 shows the inter-

ference pattern of folded cavity mode #1/#3 using the 5% out-coupling

and 6.35 cm focal length mirror. The current in channel #2 was then

turned to a low value of about 1 mA so as not to swamp mode #1/#3, and

the interference pattern was observed as shown in Figure 54. The

pattern in Figure 54 is the interference pattern of folded cavity mode

103 superimposed on the small Gaussian of #2. No phase-locking or

* •array-mode formation was observed.

The polarization of both #1/#3 and #4/#6 were found to be horizon-

tal, and from the previous measurements #2 and #5 were horizontally

polarized as well. There was thus no polarization orthogonality to

prevent phase-locking.

As a last effort with this resonator configuration, both the 6.35

cm and 25 cm focal length lenses were tried in the 2:2 configuration.

As described in the A120 3 interwaveguide plate experiments, it was a

possibility that an array-mode would propagate as a spherical wave from

the six apertures and thus behave as a geometrical optics wave front

focusing in the 2:2 configuration. The optics were aligned as well as

possible using the HeNe alignment laser, but no lasing was ever

achieved. Reference 31 operated in the 1:1 configuration, however,

indicating that an array-mode should propagate as a Gaussian although

no folded cavity modes were reported in this article.

It should be emphasized that all of the folded cavity modes

observed in the 1:1 configuration were not necessarily lasing on the

same transition. Output powers were typically 100 mW per mode with a

broad interference pattern between two waveguides, and they were too

04
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FIGURE 53. FOLDED CAVITY MODE al/#3, VERTICAL DETECTOR,

5' O.C., FOCAL LENGTH 6.35 cm, z = 54 cm.

FIGURE 54. FOLDED CAVITY MDE .I/22 AND ::2, VERTICAL
D TF. T OP I (, . C. FCA[ I FGTH 25 Cml,
z 5 '  u l c .
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low power to observe with the C 2 spectrum analyzer. However, we knew

that the lasing lines ranged from P(12) to P(22) (or less because of

hiqher losses) from the single copper mirror measurements. Conse-

quently, by translating the flat total reflector by distances as large

as ±l?.5 mm from the 1:1 configuration, at some point both or all three

folded cavity nodes must have been operating on the same laser transi-

tion. Nevertheless, no phase-locking of folded cavity nodes was

ohserved and thus, no array-modes could have been formed.

At this point it was decided to eliminate the folded cavity modes

nd the question of which line they were operating on by qoinq directly

to the reflection qrating from the wavequide apertures. The increased

diffraction losses would cause even more losses and, therefore, even

lower oowers but at least single line, sinqle polarization could he

issured based on the previous measurements. A new qratinq holder was

fabricated to hold the grating as close as possible to the wavequide

apertures, partially inside the endcap, which held the AR/AR window.

While the grating mount was being fabricated, a flat copper mirror

was placed as close to the AR/AR window as possible, about 1.5 cm from

the waveguide apertures. The individual polarizations were found to

be:

#1 horizontal #4 horizontal

#2 horizontal #5 vertical

43 horizontal #6 80% vertical

,Output powers were down to about 100 mW due to the coupling losses.

All six wavequides could he operated simultaneously at these powers,

however, and the far-field patterns were observed with ovroelectric

array. Fiqure 51 shows the output of channels #4, *5, and 06. This is

a qnnr hir~nt sin nf the three Gaissians. The flat copper mirror war

translated hackwards up to about 5 mm before lasinq ceased, but no

interference frinqes were observed durinq the continuous scan. At some

i nt two channels ;nust havp been on the same transition, hut no

lds-1ock i nq was ob)served . Operation appeard as if there were no
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interwaveguide coupling as in the A1203 interwaveguide plate test with

flat reflectors.

When the grating mount with two axes of rotation and z axis

translation was completed, the grating was installed and placed as

close as possible to the six waveguide exit apertures. About 1.5 cm

was the minimum waveguide aperture -to-grating distance allowable.

Initially a 99% reflectivity output coupler was used for maximun

intracavity flux. [Also, the zero order reflection from the grating

represents almost 5% output coupling at the grating.]

The grating surface was rotated to be in the vertical plane, thus

qaveguides #1, #2, and #3, and the group #4, #5, and #6, were equi-

*distant from the grating. The polarization of all channels was then in

.. the horizontal plane due to the higher reflectivity perpendicular to

the grooves as shown in Figure 22. Also, all channels were operating

.. on a single transition as determined by the grating angle-of-incidence.

This was shown in the earlier experiments with Al203 plates separating

the waveguides.

Channels #4, #5, and #6 were found to lase weakly with about

100 mW power each due to the large coupling losses. No phase-locking

or array-mode formation was observed, however. Instead, a noncoherent

summation of Gaussian modes was found as shown in Figures 56 and 57.

Figure 56 shows the noncoherent summation of channels #5 and #6. The

*&. qrating was translated outward 5 mi continuously while maintaining

lasinq, but no interference fringes were observed. Figure 57 shows the

outputs of channels #1 and #2. Because channels #1, #2, and #3 were

further from the grating due to the grating angle, output powers were

* reduced to about 50 mW. Channels #1 and #2 showed no phase-locking

either as the grating was translated outward.

A next attempt was made by going to a 96% reflectivity output

coupler and trying the grdting rotated by 900. Figure 58 again shows

.- 0  noncuherent sufrnation of channels #2 and #3 with 4% output coupling.
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* FIGURE 56. CHANNELS #5 AND #6, ZnSe WALLS, GRATING ONLY,
1% D.C., DETECTOR VERTICAL, z =47 cm.

FIGURE 57. CHANNFLS -'I AND -'2, ZnSe WALLS, GRATING ONLY.
1- O.C.. DETECTOR VERTICAL, z 52 cm.
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FIGURE~~~ ~ ~ ~ ~ ~ 58.r CHNNL #2 AND #3 ;WLSGAIGOL

4%DCDTCO VRIAz 4 m

FIGURE 5. CHANNELS #2 AND #, nSe WALLS, GRATING ONLY,
4-/" O.C., DETECTOR VRTICNAL, z 45 cm.
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The grating was rotated 90* to shift polarization to the vertical plane

and again noncoherent Gaussian summation was found. Figure 59 shows

the outputs of channels #2 and #5 with the detector array horizontal;

again a noncoherent Gaussian summation.

Summarizing, we see that in all the resonator configurations and

with all the variable mirror separations tried, no phase-locking was

observed. This must be attributable to the lack of interwaveguide

coupling which was analyzed in Section 3.0. Recommendations for

increasing this coupling, as well as another technique to achieve

coherent beam addition, are disclosed in Section 7.0, Conclusions and

Recommendations.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

During this Multiple Coupled Waveguide Laser Research effort,

experimental hardware fabrication and analytical studies proceeded

concurrently. After the midpoint of the contract period, the analyses

of Section 3.2 and 3.3 were completed indicating very low optical

coupling between waveguides and trapping of the radiation inside the

optical quality ZnSe plates. At this point it was too late to modify

the existing 1x7 or the nearly completed 2x3 devices to increase

coupling. Hardware problems and time and funding constraints made this

impossible. Also, in the previous lx2 device shown in Figure 1 only

four parts in 104 was measured to leak through into the adjacent

waveguide. Consequently, only very weak coupling should have been

required to achieve phase-locking. Nevertheless, no phase-locking was

observed in any of the resonator configurations tested. Table IV

contains a list of the resonator configurations tested using the ZnSe

walls.

TABLE IV. SUMMARY OF TESTED RESONATOR CONFIGURATIONS

USING ZnSe WALLS

Device Flat Output Coupler (p) Total Reflector

J 1x7 99%, 95% Flat 2x20 mm mirror

1x7 99% ML301 grating

2x3 99%, 95%, 90% 9 inch R.C. mirror

2x3 99%, 95% 6.35 cm f.l. lens/flat mirror

2x3 99%, 95% 25 cm f.1. lens/flat mirror

2x3 99%, 95% Flat mirror

2x3 99%, 96% 6.35 cm f.l. lens/grating

2x3 99%, 95% ML301 grating
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It K thouqht thItt iii the older Ix? device, the ilearly v1 ill pi b I

boundaries in the ion-opt ical qua] i ty ZnSe wal Is scat tered the IeakPd

radiation at various angles into the adjacent waveguide. This then

resulted in phase-locking as shown in Figure 3.

Indeed, contrary to what we initially thought, the results of

Section 3 indicate that wall thickness is a second-order effect. The

-'' ZnSe walls should have been made thicker so that fewer plates

(preferably one) could be used to separate the waveguides. This would

have greatly reduced discharge cross-coupling which severely reduced

simultaneous laser power. These lower simultaneous flux levels also

%[.: reduced tne waveguide coupling energies. In addit ion, the ZnSe plat."s

should be a half-integer multiple X/(F./K. 1)LI/ in thickness for

optimuri in-phase coupling as discussed in Section 3.0. The use of

transverse or longitudinal RF excitation would reduce discharges

turouqh gaps and around the interwaveguide plates resulting in higher

output powers.

In order to increase coupling of the leaked radiation into the

adjacent guide, the ends of the interwaveguide plates should be beveled

". at about 450 to reflect the leaked radiation directly into the adjacent

waveguide. Alternatively, it may be possible to put an anti-reflection

-roating on the plates to increase transmission of the internal leaked

ight at the almos;t critical angle of incidence shown in Figure 6.

These unusual AR coatinqs have not been investigated.

astly, the concept of le aking radiation from one wavequide to

another to achieve phase-locking may be superseded by the recent work

of Veldkamp at. 'incoln Laboratory3 2 with laser diode arrays. In this

---+hniqie a binary pha,, grating is numerically desiqned to combine the

tm:itputs of an nxm irray of lasers. The cioncept is shown in Fiqure 60.

The individual owavequide., can be made of low loss Al 0 or BeO with no

L , coup 1 ing and I iw di stri buted loss (compared to the LnSe wal 1 losses),

and then combined at the phase grating as shown. The phase grating is

located near a large beam waist so that flux density would be low. The

'Ja
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individual lasers could be physically separated so that individual

actuators would be easy to implement. It appears at the present time

that the phase grating nxm combining of waveguide CO2 lasers may offer

a more mechanically tractable solution to obtaining coherent outputs of

greater than 50 watts.
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